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Summary 
The demand of increasing areal density in magnetic recording is based on 
scaling. Recording bits have to be shrunk to increase the areal density of magnetic 
recording media.  In order to maintain the signal-to-noise ratio (SNR), which is 
proportional to the logarithm of grain numbers in each bit, the grain size has to be 
reduced, and must be able to overcome the superparamagnetic limit. Material with 
large magnetocrystalline anisotropy (Ku) is required for future ultra-high density 
magnetic recording media in order to delay the onset of superparamagnetic limit. 
Although, L10 CoPt and FePt have emerged as potential candidates for high density 
magnetic recording media due to their large Ku in the range of 5-7 x 107 erg/cc, many 
challenges such as grain size control and reduced deposition temperature remain for 
their practical applications. It is therefore still desirable to increase the Ku of currently 
used CoCrPt based recording media to further increase the areal density.  
This thesis focused on increasing the Ku of CoCrPt based magnetic recording 
media. The presence of Cr in the CoCrPt media reduced the Ku. An alternative, such 
as CoPt media was therefore investigated to increase the Ku. A large Ku value to ~9 x 
106 erg/cc was achieved in the Co72Pt28 film deposited at smooth Ta seedlayer surface. 
This Ku value allowed thermally stable grain size down to 4.5 nm diameter and to be 
able to support the areal density of 1 Tbits/in2. Furthermore, to improve the SNR in 
the magnetic recording media, a layer engineering approach was adopted to control 
the microstructure of recording layer.  Dual-layer Ru underlayer was effective in 
reducing the intergranular exchange interaction and grain size, and induced favorable 
environment for large SNR. 
In order to study the origin of large Ku; the phase miscibility, growth induced 
structural anisotropy and strain at short-range order of CoPt thin films were 
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investigated using polarized extended x-ray absorption fine structure. A qualitative 
analysis of x-ray absorption near-edge spectroscopy indicated that hcp stacking was 
improved for Co72Pt28 film. No evidence of compositional heterogeneity between the 
in-plane and out-of-plane polarization geometries was detected for Co72Pt28 film. The 
number of Pt atoms around Co was approximately the same in the in-plane and out-
of-plane polarization geometries, and equal to the Pt global composition. It revealed 
that Pt exhibited random miscibility in the Co lattice for Co72Pt28 film. However, a 
compositional heterogeneity was observed for Co90Pt10 and Co57Pt43 films, wherein 
Co atom was surrounded by more Pt in the film plane rather than the out-of-plane 
direction. The average interatomic distance in the in-plane polarization geometry was 
larger than that of the out-of-plane for Co90Pt10 and Co57Pt43 films. These results 
supported an in-plane tensile strain. However, the average interatomic distance in the 
in-plane and out-of-plane polarization geometries was approximately the same for 
Co72Pt28 film, indicating absence of tensile strain in the film plane. The absence of in-
plane tensile strain in the Co72Pt28 favored the growth of (0002) texture, which could 
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The idea of magnetic recording was first conceived and described by Oberlin 
Smith in 1878; but it was 1898, twenty years later, the device based on such idea was 
demonstrated by Valdemar Poulsen.1 Since 1898 this technology has continued to 
expand. The onset of major revolution in magnetic recording took place in 1956 when 
IBM built the world’s first ever random access method of accounting and control 
(RAMAC) hard disk drive of total storage capacity of 5 megabytes at a recording 
areal density of 2 Kbit/in2.2 Today, it enters into almost every facet of our daily 
working and leisure activities. Throughout the entire history of magnetic recording, 
research efforts have always been concentrated on achieving the high areal density in 
magnetic recording media. It is the result of continuous efforts in the last 50 years that 
the areal density reaches to the height of 200 Gbit/in2, almost 108 times of the 
recording areal density of its inception value.3 In fact, in late 2006, Seagate 
technology demonstrated the areal density of 421 Gbit/in2. As a result, today storing 
data in the hard disk drives is cheaper than storing the same information on paper. 
However, to further increase the areal density to 1 Tbit/in2 and beyond, the recording 
bits have to be scaled downward. At the same time, to maintain the signal-to-noise 
ratio (SNR), which is proportional to the logarithm of number of grains in each bit 
(typically few tens),4 the grain size has to be reduced, and yet overcome 
superparamagnetic limit. Superparamagnetism is the phenomenon that the thermal 
energy causes spontaneous reversal of the magnetization directions of magnetic 
particles from one easy direction to another easy direction, even in the absence of 
applied magnetic field. The spontaneous reversal of magnetization leads to 
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undesirable loss of recorded data. This indicates that two competing properties, the 
high thermal stability and large SNR are essential to further increase the areal density.  
 
1.1 Requirements of magnetic recording media for high areal density  
 Increasing areal density is a requirement of current hard disk drive technology. 
The enhancement in the magnetic recording areal density is governed by the 
characteristics of magnetic recording media. A suitable magnetic recording media is 
necessary to keep the data thermally stable for a sufficiently long time. The magnetic 
recording media must also be able to provide large SNR to reliably read-back stored 
data. In the following sections the requirements of magnetic recording media for high 
thermal stability and large SNR are discussed. 
 
1.1.1 Thermal stability 
 Analogous to the Brownian motion, the thermal energy causes fluctuation of 
the magnetization directions of magnetic grains, and the magnetization directions 
reverse statistically with time for a given temperature. A magnetic grain with uniaxial 
magnetocrystalline anisotropy constant (Ku) and volume V exhibits magnetic 
anisotropy energy barrier VKE u=Δ , which must be overcome to reverse its 
magnetization direction. If the volume of a magnetic grains becomes too small, the 
thermal energy becomes comparable to the magnetic energy, causing unwanted 
magnetization reversal of the grains from one easy direction to the other easy 
direction in the absence of applied magnetic field.5 To ensure that the magnetization 
remains along its easy axis, the magnetic energy must be high enough to withstand the 
effects of thermal agitation. The competition between the thermal energy and 
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anisotropy energy reflects the magnetization reversal probability and follows the 
Neel-Arhenius law given by  
)/exp(/1 0 TkVKf Bu−=τ                           (1.1)  
where τ  is the relaxation time, sec-1 the relaxation frequency,  the 
Boltzmann’s constant and 
9
0 10=f Bk
T  the absolute temperature. Based on the above equation, 
to store the data thermally stable for the period of 10 years, the thermal stability factor 
(TSF) is defined by KuV/kBT and its value ≥ 60.6,7 
 
1.1.2 Signal-to-noise ratio 
 In high areal density magnetic recording media, writing and reading of the 
data are equally important. To achieve high areal density, it is necessary to have a 
large SNR to read the data reliably. In conventional recording media, the SNR is 
determined by the number of grains  per bit, since . As a result, 
small grain size always favors the increase of SNR. In addition, the SNR not only 
depends on the average grain size (D) but also on the width of the grain size 























                                                           (1.2) 
It indicates that small grain size and narrow grain size distribution are ideal 
condition for large SNR. Furthermore, large intergranular exchange interaction 
increases the effective switching volume of magnetic cluster, which leads to increase 
the zigzag region between two recording bits, consequently increasing the transition 
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jitter noise. Thus, along with small grain size and narrow grain size distribution, small 
intergranular exchange interaction is also necessary to achieve a large SNR.  
 
1.2 Magnetic recording media 
1.2.1 Longitudinal magnetic recording media 
Before 2006, recording industries were using longitudinal magnetic recording 
(LMR) to store information in the hard disk drives. This is a transition period as 
recording technology is changing from the longitudinal magnetic recording to the 
perpendicular magnetic recording. In the LMR, the magnetization directions of 
recording bits lie in the film plane. Typically, uniaxial anisotropic hexagonal close 
packed (hcp) Co-based alloys having magnetization directions in the film plane are 
used in LMR. The underlayer materials such as Cr and binary alloys of Cr are used to 
control the c-axis of Co-based alloys in the film plane.9-11  For example, the  
textured Co-based alloy magnetic layer exhibits c-axis in the film plane and grows 
very well on the Cr (200) texture underlayer. Similarly, the Co  grows hetero-






Conventionally, the demand of high areal density in a LMR is achieved by 
scaling, since the areal density and grain size have inverse relationship with each 
other. Further increase in areal density requires further reduction in the grain size of 
magnetic recording media to keep the number of grain per bit constant to maintain the 
desirable SNR level.13 However, the reduction in the grain size inevitably causes a 
lower energy barrier that eventually leads to the thermal instability. An obvious 
solution to this problem is using a thicker media or selecting the material with high 
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Ku.  In the LMR, the grain volume cannot be increased by increasing the thickness of 
media, because it degrades the recording resolution, since the recording resolution is 
proportional to the tM r ,
14 where rM  is the remanent magnetization and t the film 
thickness. The use of high Ku material is an alternative approach to compensate the 
reduction in the grain size yet to retain sufficient thermal stability. However, in the 
LMR, the writing of a bit is governed by the stray-field between the poles of writing 
head, which is insufficient to write the magnetic recording media of high Ku materials, 
because high Ku materials exhibit large coercivity (Hc) that is proportional to Ku, 
since  where Ms is the saturation magnetization of magnetic recording 
media. Therefore, the physical limitation imposed by superparamagnetism does not 
allow LMR to further increase the areal density using high Ku materials.  
suc MKH /2≈
 
1.2.2 Perpendicular magnetic recording media 
Perpendicular magnetic recording (PMR) was proposed by Iwasaki in 1975 as 
a substitute to LMR to increase the areal density.15 It has received increasing attention 
in the past 5-7 years because of the thermal stability limitation of LMR. In the PMR, 
the easy axis of magnetization direction of grains in magnetic recording media points 
along the film’s normal direction unlike the LMR in which magnetization direction 
lies in the film plane direction. The main advantage of PMR is the inclusion of a soft 
underlayer, which assists in writing the information. The PMR enjoys following 
advantages over the LMR. 
• In PMR with a soft underlayer, the single pole head is used for read/write 
purpose, which enables writing the magnetic recording media with coercivity 
as large as twice to the ring head used in LMR.16 Large writing field of head 
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facilitates the use of the high Ku materials (by factor of 2 in comparison to 
LMR) in PMR. This in turn allows the magnetic recording media of smaller 
grain volume, and supports the increase of the areal density. An overview of 
high Ku materials for PMR media are given in Table 1.1.17  
• The grains in PMR have strong uniaxial orientation (longitudinal media tend 
to have an orientation that is random in-plane), which leads to narrow 
switching field distribution and sharper written transition. The sharp transition 
increases the linear density and SNR. 16 
Because of promising potential of PMR, much related work has been pursued.18-25 A 
hard disk drive based on PMR has been successfully achieved first by the Seagate 
Technology in the year 2006. The magnetic recording media in such drives are based 
on a CoCrPt alloy with some oxide materials that can increase the areal density to 600 
Gbit/in2.26 
 
1.2.3 Challenges for current perpendicular magnetic recording media 
Though, PMR enjoys various advantages over LMR, it is still unable to 
achieve recording density to 1 Tbit/in2 and beyond, using current CoCrPt media due 
to competition between the SNR and thermal stability.17 Co/Pt and Co/Pd multilayers 
of several bilayers have attracted much attention for PMR application because of their 
large Ku value.27-30  They are considered as alternatives to further increase the areal 
density. However, Co/Pt and Co/Pd multilayers exhibit strong intraplanar magnetic 
interaction of magnetic grains, and reduce the SNR, which ultimately limits their 
industrial application. The magnetic materials such as L10 CoPt and FePt with high Ku 
(~5-7 x 107 erg/cc) cannot be used due to two reasons.  
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Table 1.1: Magnetic properties of various media candidates of high magnetic 
crystal anisotropy constant, Ku, (Ku refers to first order magnetic crystal 














CoCr20Pt15 0.25 330 15.2  15.5 
Co3Pt 2 1100 36.4 1200 6.4 
(CoCr)3Pt 0.39 410 19  12.4 
Co-alloy 
CoPt3 0.5 300 33.3 600 9.1 
Co/Pt 1 360 55.6 500 6.1 Co/Pt(Pd) 
multilayer Co/Pd 0.6 360 33.3 500 8.1 
FePd 1.7 1100 32.7 760 7.3 
FePt 7 1140 122.8 750 2.4 
CoPt 4.9 800 122.5 840 2.8 
L10 phase 
MnAl 1.7 560 60.7 650 4.9 
Fe14Nd2B 4.6 1270 72.4 585 3.4 Rare-earth 
alloy Sm5Co 20 910 439.6 1000 1.3 
 
where, Ms is the saturation magnetization of the materials, HK the anisotropy field, TC 
the Curie temperature, Dp the grain diameter estimated using maximum 
demagnetization 4πMs and cylindrical size of constant height 10 nm.  
 
Firstly, to achieve the desired L10 phase, undesirably high deposition temperature or 
post deposition annealing at high temperature is required.[31-33] Secondly, the writing 
field limitation of head. The writing field of the existing head is limited by the highest 
saturation magnetization of head materials. Among the all known magnetic materials, 
the Fe65Co35 exhibits maximum saturation magnetization of 24 kOe,34 which is the 
maximum limit of writing head. However, room temperature coercivity of 70 kOe has 
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been reported in the L10 FePt thin film deposited at 780 ºC, which is too large to be 
written, using exiting single pole head.35 Hence, an alternative beyond conventional 
PMR is currently needed to further increase the areal density, overcoming the 
challenges of SNR, thermal stability and writing field.  
 
1.3 Magnetic recording media of next generation 
It has been discussed in section 1.2.2 that current CoCrPt-oxide based PMR is 
unable to increase the areal density beyond 600 Gbit/in2 due to the superparamagnetic 
limit of media, and writing field limitation of head. To further increase the areal 
density, several new types of recording media such as heat assisted magnetic 
recording media,36,37 patterned media38-42 and exchange coupled composite media,43  
have been proposed. In the following sub-sections a brief introduction about such 
types of media is discussed. 
 
1.3.1 Heat assisted magnetic recording media 
The writing field limitation of writing head is one of the major concerns in the 
attempt to achieve the areal density to 1 Tbit/in2 and beyond. To overcome this 
problem, a new concept of heat assisted magnetic recording (HAMR) was proposed. 
The HAMR technology is based on the inverse dependence of a magnetic anisotropy 
and temperature.44 In HAMR, the magnetic recording media is temporarily and 
locally heated during the writing process, close to the Curie temperature, which 
reduces the magnetic anisotropy and allows writing using the currently available 
writing field. After writing, the magnetic recording media is then quickly cooled to its 
ambient stage to store the data. This technology directly allows using the known 
Chapter 1: Introduction 
  
                                                                                           
9
magnetic materials with large Ku as a magnetic recording media. This provides an 
opportunity to further reduce the grain size and increase the areal density. Based on 
the theoretical calculation it has been projected that the L10-FePt is capable of 
increasing the areal density up to 2 Tbit/in2.45 Despite the advantage of reducing the 
writing field requirement, the HAMR technology is facing following major 
challenges. 
• It requires the writing head integrated with a laser to locally heat the material. 
• It requires very fast cooling system so that the heating process does not render 
adjacent grains thermally unstable. 
• During the writing process the magnetic recording media is heated close to the 
Curie temperature. The Curie temperatures of FePt and CoPt are 477 °C and 
567 °C, respectively. However, there is no overcoat material that can 
withstand such a high temperature. Thus, a new type of polymeric material is 
needed as a protective overcoat. 
Furthermore, HAMR is very suitable for using high anisotropy material such as L10 
CoPt and FePt. However, the minimum deposition temperature needed for the 
transformation of disordered CoPt and FePt to desired L10 ordered phase of high Ku is 
above 534 °C31 and 350 ºC32,33 respectively. Hence it is difficult to prevent grain 
growth at such a high temperature. 
 
1.3.2 Patterned media 
Patterned media is a new approach to delay the onset of the 
superparamagnetism, wherein each single-domain magnetic grain represents one bit 
rather than a combination of few tens of grains like conventional recording media.34,41 
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In conventional recording media the SNR is directly proportional to the logarithm of 
number of grains in each bit. However, in patterned media, the SNR argument is 
different from the conventional media. In this case, the number of grains per bit is 
reduced to one, and there is no statistical averaging over many entities to reduce the 
noise. The bit boundary is also sharply defined and overcomes the transition jitter 
noise. Lambeth et al.42 have projected that the uniaxial Co-based alloy with 8 nm 
diameter particle centered on 10 nm array spacing is able to achieve the areal density 
over 6 Tbit/in2. This periodic array can be constructed by lithography. Sbiaa et al.26 
have evaluated that 12 x12 nm pattern size separated by 12 nm spacing is sufficient to 
achieve the areal density of 1 Tbit/in2. Though pattern media is able to achieve the 
areal density beyond 1 Tbit/in2, it is based on the feasibility of lithography for 
successful patterning of size down to ~10-12 nm at low cost and in a reasonably short 
time. Different lithography techniques such as a deep UV lithography, extreme UV 
lithography, x-ray lithography, electron beam lithography, nano-imprint lithography 
and lithography assisted self assembly have been attempted to pattern the size down 
to 10 nm. These techniques are suffering from following challenges.  
• Deep UV lithography, today’s most common lithography technique, is useful 
to make pattern slightly below 100 nm, which is far from the requirement of 
10-12 nm features to achieve the areal density up to 1 Tbit/in2. 
• Extreme UV (EUV) lithography with 13.5 nm wavelength has been 
considered as a next generation lithography for patterning of 10-12 nm 
nanostructure, since periodic nanostructure down to 20 nm has already been 
reported using this technique. But this technique is useful for line, square and 
rectangular pattern. It is not suitable for recording media application where 
circular disk is used for storing information. 
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• Besides EUV, x-ray lithography using synchrotron radiation has also been 
considered as another alternative of conventional lithography. But it is very 
expensive and has limited accessibility. 
• Electron beam lithography is able to pattern the system down to 10 nm but it is 
also expensive and time consuming. 
• Nano-imprint lithography is investigated to successfully fabricate the pattern 
size down to 25 nm.39 Further study indicates that the imprint lithography can 
potentially achieve 10 nm resolution over an area much greater that 1 square 
inch. However, the success of nano-imprint lithography depends on 
fabrication of defects free nano-scale pattern that is very difficult to achieve. 
Further research is on going to overcome this problem.  
• An alternative promising route for patterning nano-scale device is using a 
template made from self-organized particles. The self-organized patterns can 
serve as etching mask for patterning a magnetic structure or it can be used as a 
template for deposition of magnetic structure. For example, anodized alumina 
can produce two dimensional array of hexagonal array of cylindrical pore, and 
diameter of pores may be changed from 4 nm to a few hundred nm depending 
on anodizing conditions. Similarly, self assembled cylindrical copolymer 
made of two different miscible monomers, and selective etching of one of 
them may work as a nano-scale etching mask. In addition, the self 
organization of the array of magnetic nanoparticle of FePt has been 
investigated for recording media application. The self-organized magnetic 
array (SOMA) of monodispersed FePt nanoparticle with very controlled size 
between 3-10 nm with a standard deviation of less than 5% was first reported 
in 2000 by reduction of platinum acetylacetonate and decomposition of iron 
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pentacorbonyle in the presence of oleic acid and oleyl amine.46 This media can 
fulfill the requirements of high areal density as well as the high SNR due to its 
small size and a narrow size distribution. It is anticipated that recording 
densities up to 40-50 Tbit/in2 can be achieved using SOMA. In spite of various 
advantage of SOMA, it is suffering from following drawbacks.   
o To prepare uniformly monodispersed magnetic nanoparticle in long 
range order on disk with high packing density is very challenging. 
o The arrangements of the particles are in the X-Y direction not in the 
circumferential geometry. In hard disk, it would be preferred to arrange 
the dots in the circular fashion since magnetic head moves on a 
spinning circular disk. 
o While in self-assembly, the size distribution of less than 5% has been 
achieved in the as-deposited SOMA structures, annealing above 600 ºC 
is still required to transform the monodispersed FePt nanoparticle into 
a magnetically hard L10-ordered phase. The array order and size 
distribution may be destroyed during annealing resulting in the loss of 
SOMA structure.  
o All FePt SOMA structures exhibit almost random easy axis orientation, 
which is not suitable for future high density media as it creates extra 
media noise and reduces the signal strength. 
Hence, it may take several years to remove all the constraints in pattering before it is 
ready for industrial application. It has been predicted that even pattern media may be 
delayed or even not be realized if efforts made in HAMR becomes successful.26  
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1.3.3 Exchange coupled composite media 
It has already been discussed in the above sections that reducing writing field 
is one of the key challenge before the realization of high Ku materials for industrial 
application.  In recording media, coherent switching of magnetic grains is preferred to 
retain high thermal stability and to maintain high SNR. According to the Stoner-
Wohlfarth (S-W) model of the coherent rotation, the lowest switching field is required 
when the applied field is inclined at 45o with respect to the easy axis. Exploiting the 
results of the S-W model, it has been proposed to tilt the easy axis of media, or head 
field to reduce the switching field.47 However, both approaches are difficult in 
practice. Victora et al.43 theoretically predicted exchange coupled composite (ECC) 
media consisting of magnetically hard and soft regions within each grain to reduce the 
switching field, which was subsequently demonstrated by Wang et al.48,49 ECC media 
recently draws the attention due to its easy fabrication process and its potential 
application in reducing the switching field. Initially Victora et al.43 mentioned that the 
easy axis of magnetization in the hard layer in ECC media should be pointed along 
the film normal direction while that of the soft layer in the film plane.  Application of 
reverse field initially causes the magnetization of the soft region to switch first and 
thus change the angle of effective field (sum of the applied field and the exchange 
field) to the hard region, thus reducing the switching field of the ECC media in 
comparison to that of the hard layer (without any soft layer). However, it was 
subsequently proposed that the easy axis of the soft layer could be either in-plane or 
out-of-plane.50 The in-plane easy axis of soft layer may cause extra noise due to the 
increased intergranular exchange interaction. As a result, out-of-plane easy axis in the 
soft magnetic layer is preferred.  The ECC media enjoys other advantages over PMR 
such as it switches faster than the PMR and is insensitive to wider range of easy axis 
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distribution than that of the PMR. Although, ECC media has advantage to reduce the 
writing field, it has following limitations in using high Ku materials such as L10 CoPt 
and FePt.  
• The optimum performance of ECC media is only capable of reducing the 
switching field to half of its original value.  
• The maximum limit of writing head is still 24 kOe, which is insufficient to 
write L10 CoPt and FePt that may exhibit coercivity above 100 kOe. 
• In ECC media, there is a challenge to control the grain size of CoPt and FePt 
during heat treatment to achieve desired L10 ordered phase. 
 
1.4 Review of current CoCrPt perpendicular magnetic recording 
media 
 
The hard disk drives based on the perpendicular recording technology have 
been commercialized. CoCrPt-SiO2 deposited on (0002) texture Ru underlayer is used 
in such drives as recording layer. Small grain size of 7 nm with well defined grain 
boundaries has been achieved by Oikawa et al.51 In this media, Cr segregates with 
oxide materials at grain boundaries forming CrO, and reduces intergranular exchange 
interaction.52,53 However, it is reported that Cr does not completely segregate at grain 
boundaries,54 and partially remains inside the grain forming Co3Cr55. The presence of 
Cr inside the grain reduces the Ku value.25,56,57 The segregation of Cr varies 
proportionally with the grain size, resulting in an anisotropy distribution that leads to 
wider transitions and hence poorer SNR.34 As a result, it is necessary to keep the 
grain-to-grain value of anisotropy field as uniform as possible.23 To do this, the 
composition of grains must be uniform, which cannot be achieved in the presence of 
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Cr. Different materials are investigated as a substitute of Cr, but they further 
deteriorates the Ku value.58 Addition of B into CoCrPt helps to increase the SNR due 
to grain segregation and grain size reduction, but it induces stacking fault density 
resulting in reduced Ku value.59 The hcp CoPt appears to be promising media with 
increased Ku for large areal density. The hcp CoPt can be achieved at room 
temperature unlike the L10 phase FePt and CoPt, which require high deposition 
temperature.  
In addition to large Ku, large SNR is vital to achieve large areal density. As 
discussed in section 1.1.2 that small grain size, narrow grain size distribution and 
reduced intergranular exchange interaction is necessary in recording layer for large 
SNR. The traditional method of controlling grain size and intergranular exchange 
interaction in CoCrPt-SiO2 recording media is based on manipulating the SiO2 
composition and/or adding the oxygen with Ar during the deposition of recording 
layer. Higher percentage of SiO2 reduces both the grain size (5-6 nm) and Ku 
value.60,61 The reduced value of Ku have adverse impact on increasing areal density. 
Zheng et al.62 have investigated the effects of oxygen incorporation and reported that 
addition of oxygen improves the SNR. However, entrapped oxygen ions inside the 
grain deteriorate magnetic properties. Dual-layer structure of Ru, in which bottom 
layer of Ru is deposited at low Ar pressure and top layer Ru deposited at high Ar 
pressure, is used to reduce the intergranular exchange interaction.63,64 Piramanayagam 
el al.65 has successfully achieved the grain size down to 5.5 nm using synthetic 
nucleation layer between the top and bottom Ru layer. The search of nucleation layer 
has been largely based on a trial-and-error approach. Other approaches of controlling 
the grain size and intergranular exchange interaction have been based on the Thornton 
diagram, wherein the growth of thin film favors columnar grains with voided region 
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between them.66 Such microstructures may be achieved by controlling the deposition 
parameters in such a way that adsorbates do not have sufficient kinetic energy to jump 
more than few atomic spacing. High Ar pressure and low temperature are suitable 
conditions. However, detailed understanding of Ar pressure on texture growth needs 
further study. Based on the pros and cons of different methods to achieve large SNR, 
it is necessary to understand the roles of various parameters to control the grain size, 
grain size distribution and intergranular exchange interaction in order to optimize the 
parameters for a large SNR.  
 
1.5 Studies of phase miscibility, growth induced structural anisotropy 
and strain in CoCrPt thin films  
The recording technology is gradually switching from the LMR to PMR. In 
section 1.2.2, it has been mentioned that PMR requires perpendicular magnetic 
anisotropy (PMA).  The PMA in CoCrPt granular magnetic recording media strongly 
depends on the relative compositions of constituent elements,56 and their distribution 
inside each grain.54 Hence, it is of scientific and technological importance to 
investigate the alloying and phase separation of multi-element recording media to 
understand the origin of PMA. The conventional x-ray diffraction (XRD) technique, 
common for structural characterization of materials with long-range order (LRO) does 
not necessarily provide correct information on the phase miscibility67,68 as a result 
origin of magnetocrystalline anisotropy cannot be understood. In addition, the growth 
induced structural anisotropy, in which the surrounding compositional environment of 
element of interest in the multi-element system is different in the film plane and along 
the film normal direction, cannot be detected from XRD. 
Chapter 1: Introduction 
  
                                                                                           
17
Extended x-ray absorption fine structure (EXAFS), a synchrotron x-ray 
radiation based technique is a powerful tool to provide short-range order information 
such as the number and type of nearest neighbors, interatomic distance and local 
geometry of particular element in each phase of a complex system.69-73 This provides 
information such as the number and types of elements surrounding the element of 
interest in the multi-element multiphase system. The x-ray generated by synchrotron 
is linearly polarized that allows for identification of the type of nearest neighbors in 
the film plane and along the film normal direction, leading to information of  
structural anisotropy in the parallel and perpendicular directions of the film.74-77   The 
special characteristics of polarized EXAFS to separately measure the nearest 
neighbors distance in the film plane and along the film normal direction reveal the 
compressive/tensile strain in two different directions78 at short-range order, which 
cannot be identified from conventional techniques like XRD and transmission 
electron microscopy (TEM). Polarized EXAFS is a very powerful technique to 
investigate the phase miscibility, growth induced structural anisotropy and strain 
analysis in the short-range order. 
 
1.6 Research objective 
The current main objective of hard disk drive is to increase the areal density to 
1 Tbit/in2 and beyond. In order to accomplish this goal, the media should have large 
thermal stability and SNR, and must be writable. The review done in the previous 
sections indicates that the potential recording technologies such as HAMR and 
patterned media involving high Ku materials such as L10 FePt, require many more 
years of research before these can be realized in commercial application. The upper 
limit of current CoCrPt media is anticipated as 600 Gbit/in2. To further increase the 
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recording density, it is necessary to increase the Ku of current media, which can be 
written using existing read-write system. The presence of Cr reduces the Ku of CoCrPt 
thin films. Therefore, in this thesis, the hcp CoPt thin films were studied to increase 
the Ku value. The main objective was to find the optimum compositions of Co and Pt 
with the best magnetic properties in terms of high Ku, large coercivity and large 
thermal stability. In order to study the physical mechanisms responsible for improved 
magnetic properties, the phase miscibility, growth induced structural anisotropy and 
strains were investigated in CoPt films by polarized EXAFS. The microstructures of 
magnetic layer influence the magnetic properties and recording performance of 
recording media. As a result, texture and microstructure are controlled by layer 
engineering approach. It is well known that seedlayer (first layer deposited on the 
substrate) and underlayer (layer deposited prior to the magnetic layer) greatly 
influence the microstructure and magnetic properties of the magnetic layer. In this 
thesis, the effects of microstructure of Ta seedlayer and Ru underlayer on magnetic 
properties of CoPt were investigated. Ru is used as an underlayer material because 
both Ru and Co are hcp structure. The lattice parameter a of Ru is 8.0% larger than 
that of Co and therefore favors the hetero-epitaxial growth of the hcp CoPt (0002) 
texture on the Ru (0002). The effects of process parameters of Ru to attain (0002) 
texture, and other desired microstructures to achieve large SNR were investigated.  
 
1.7 Thesis outline 
This thesis is organized into 8 Chapters. Chapter 1, is an introduction to the 
magnetic recording media. Future recording media such as HAMR, patterned media 
and ECC media for high density magnetic recording are reviewed. In Chapter 2, a 
brief introduction to experimental techniques used for the fabrication and 
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characterization of samples is made. In Chapter 3, the effects of Pt compositions on 
structure and magnetic properties of Co100-xPtx thin film media were studied. In 
Chapter 4, the phase miscibility, growth induced structural anisotropy and strain in the 
CoPt films were studied using polarized EXAFS. In Chapter 5, the effects of CoPt 
thickness on microstructural evolution and magnetization reversal mechanism were 
addressed. In Chapter 6, the effects of interface roughness of Ta seedlayer on 
magnetic properties were studied. In Chapter 7, the effects of microstructure of Ru 
underlayer on microstructures and magnetic properties of CoPt films were 
investigated. The effects of thickness, deposition pressure and dual-layer structure of 
Ru were studied. In chapter 8, conclusion of the thesis was compiled and future works 
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            This chapter was mainly focused on the samples fabrication and 
characterizations techniques, which were used during the course of study. Fabrication 
of samples was carried out using magnetron sputtering, and compositions of different 
elements in the films were analyzed by Rutherford backscattering spectroscopy. The 
magnetic characterizations were carried out by vibrating sample magnetometer 
(VSM), alternating gradient force magnetometer (AGFM), torque magnetometer and 
magnetic force microscopy (MFM). Structural and microstructural characterizations 
were made by XRD, TEM, atomic force microscopy and polarized EXAFS.  
 
2.1 Samples fabrication by sputtering 
In this work, all films were deposited by magnetron sputtering. This technique 
is well accepted in the magnetic recording industries to fabricate magnetic media, 
because it provides high deposition rate, excellent film uniformity over large area, and 
applicable to wide range of metallic as well as non-metallic materials. Independent 
control over many parameters like deposition rate, deposition power, working gas 
pressure and temperature, which influence the structure and related properties, makes 
it very versatile.  
The ejection of atoms from the surface of materials (the target) by 
bombardment with high energetic particles is called sputtering. More in-depth 
knowledge about the sputtering process and physics can be found in many 
textbooks.79-81  In this study all films were deposited by high vacuum dc magnetron 
sputter system assembled in the laboratory at Data Storage Institute, Singapore. The 
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system has four confocal cathodes, and the substrate holder is situated in the center 
above the cathodes. The substrate holder was rotated at 40 revolutions per minute 
(rpm) in order to ensure the film uniformity during deposition. The sputtering rate was 
adjusted by sputtering power and working gas pressure. The film thickness was 
controlled by the sputtering time, which was calibrated using TEM cross-section 
image. Before sputter deposition, the sputtering chamber was pumped down to ~10-8 
Torr to reduce any contamination of the film from the ambient gases. The chamber 
was then back filled with sputtering gas to a pressure of a few mTorr. In this work, 
99.999 % pure Ar gas was used as the sputtering gas.  
 
2.2 Composition analysis by Rutherford backscattering spectroscopy 
Rutherford backscattering spectroscopy (RBS) is a quantitative, depth 
profiling, non-destructive technique available for measurement of elemental 
compositions of films. Its detection limit ranges from a few part per million (ppm) for 
heavy elements to a few percent for light elements. In order to quantify the 
compositions of constituent elements of sample, the sample is bombarded with a 
mono-energetic beam of high energy particles, typically helium ions with energy of a 
few MeV. A fraction of the incident ions are scattered backwards from the target 
atoms at the near surface region. The backscattered ions are detected by solid state 
detector placed at certain angle, which measured their energy.82,83  
The energy of the backscattered particle is related to the depth and mass of the 
target atom, given by  
lossoutlossin EEEKE −− −−= )( 0                                                                   (2.1) 
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where E0 is the energy of incident particle, Ein-loss the energy loss of the 
incident particle in traversing the depth, d, before scattering, Eout-loss the energy loss of 
the scattered particle in traversing the depth, d, after scattering and K the kinematical 



















MMMMK θθ                                   (2.2) 
where M1 and M2 are the masses of the incident ion and the target atom, 
respectively, and θ the angle between the trajectory of incident ion before and after 
the scattering. As a result, the energy of incident ions backscattered from the heaver 
target atom is larger than that backscattered from the lighter atoms. The relative 
number of backscattered ions into a given solid angle for a given number of incident 



















































σ                             (2.3) 
where, Z1 and Z2 are the atomic numbers of the incident ion and the target 
atom, respectively, E the energy of incident ion and e the electronic charge. 
Comparing the numbers of backscattered ions with different energy (corresponding to 
the different target atoms) provide the relative composition of different target atoms. 
In this study a mono-energetic particles of 2 MeV He+ was used and PIPS detector of 
diameter 50 mm was kept at a distance of 15 mm from the sample surface at an angle 
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of 150º. The data was analyzed using a standard XRump software. The schematic of 
the RBS is shown in Fig. 2.1. 








E in-loss E out-loss d Depth
Detector
E = KE0
E = K(E0-Ein-loss)-Eout-loss  
{ }
 
Figure 2.1: Schematic diagram showing various energy loss processes in 
Rutherford backscattering spectroscopy. Energy is lost by momentum transfer 
between the probe particles and the target particles, and as the probing particles 
traversed the sample material both before and after scattering. 
 
 
2.3 Magnetic characterization 
2.3.1. Vibrating sample magnetometer  
Vibrating sample magnetometer (VSM) is a very common instrument used for 
characterization of magnetic materials because it offers the best combination of 
performance and capabilities for different kinds of magnetic measurements such as 
hysteresis loop, DC demagnetization (DCD) curve and angular dependence of 
hysteresis loops. In this study, we used VSM 880 made by Digital Measurement 
Systems Inc. and VSM 10 supplied by ADE. Both VSMs are capable to measure the 
sample at different angle with respect to the field direction, yielding information on 
coercivity (the negative magnetic field at which magnetization reaches zero after 
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saturating the sample in the positive field) and remanent coercivity (the negative 
magnetic field requires to bring the magnetization to zero once it is removed after 
saturating the sample in the positive field) at different angle. More detail about the 
working principle of VSM can be found elsewhere.84 
 
 
2.3.1.1 Measurement of hysteresis loop 
For hysteresis loop measurement, a DC field (Hsat) strong enough to saturate 
the sample along the applied field direction is applied. Thereafter, the field decreases 
in user defined steps. The magnetization at each step is measured. The process is 
continued when magnetic field reaches to –Hsat. Thereafter, to measure the full loop, 
the magnetic field increases to Hsat. A plot of applied magnetic field versus 
magnetization reveals the hysteresis loop. A typical hysteresis loop is shown in figure 
2.2. Here, Ms is the saturation magnetization, Mr the remanent magnetization and Hc 
the coercivity. The ratio Mr/Ms is defined as magnetization squareness (S). 
 















   
Figure 2.2: Typical hysteresis loop. 
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2.3.1.2 Measurement of DC demagnetization curve 
In the measurement of DC demagnetization (DCD) curve, the sample is first 
saturated in the positive field (Hsat). After saturation, field is removed to bring the 
sample back at H = 0. Thereafter, a small negative field is applied and removed to 
bring the sample again at H = 0. The magnetization (without any applied field) is 
measured and plotted against the previously applied negative field. Subsequently a 
slightly larger negative field is applied and removed. The resulting magnetization is 
measured corresponding to the next point. This procedure is repeated until the 
resulting remanent magnetization become constant. The DCD curve gives information 
about the residual magnetization in material after removal of writing field, and 
reflects the irreversible component of magnetization. This is the magnetization that 
can be read back with the read head. DCD curve is shown in Fig. 2.3 along with the 
hysteresis loop. The field at intersection point of the DCD curve and the zero 
magnetization line is defined as a remanent coercivity (Hcr). 
 















Figure 2.3: DC demagnetization curve and hysteresis loop.  
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2.3.1.3 Measurement of angular dependence of coercivity and 
remanent coercivity 
The measurement of angular dependence of coercivity (Hc) and remanent 
coercivity (Hcr) are similar to that discussed in section 2.3.1.1 and section 2.3.1.2, 
respectively, at different angles with respect to the film normal. Conventionally it is 
measured in the range of 90º. It determines the magnetization reversal mechanism of 
magnetic thin films. The angular dependence coercivity measurement can also be 
used to obtain the qualitative information about the grains isolation by comparing the 
experimental results with the Stoner-Wohlfarth (S-W) theory and the domain wall 
motion theory. The non-interacting magnetically isolated grains follow the S-W 
model.  According to the S-W theory, coercivity is defined by 84,85 
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H                                                                                                (2.6) 
where, )(θcH is the coercivity at an angle θ, θ the angle between the applied 
field and the easy axis direction,  the coercivity when applied field is aligned 
along the easy axis i.e. θ = 0°. In this thesis, CoPt alloy with the easy axis along the 
film normal was studied. Therefore, θ was defined with respect to the film normal. 
According to the S-W model, the angular dependence of remanent coercivity (Hcr) in 
the measured range of 90º is given by  
)0(cH
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2.3.2 Alternating gradient force magnetometer  
The alternating gradient force magnetometer (AGFM) is a highly sensitive 
magnetic instrument with sensitivity of 10-8 emu compared to that of 10-6 emu for the 
VSM. The AGFM used in this project was Model 2900 MicroMagTM System 
(Princeton Measurement). This instrument was mainly used to measure the time 
dependent remanent coercivity to obtain information on the thermal stability factor of 
the recording media. Such measurement would have taken a very long time if using a 
VSM. 
 
2.3.2.1 Measurement of thermal stability factor and switching volume 
In order to measure the thermal stability factor, remanent coercivity is 
measured for applied field of a different time duration t.  The results are fitted to the 



















cr                                     (2.8) 
where, is the intrinsic switching field defined as the field at 
which the energy barrier for magnetization reversal is zero in the absence of thermal 
agitation, V* the magnetic switching volume (a volume of recording media, which 
switches magnetization direction collectively),  an attempt frequency, which is 
usually taken to be ~109 s-1. The Sharrock’s formula can be simplified to 
su MKH /20 ≈
0f
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A plot between and{crH } 210 )ln( tf  shows a straight line with  as the intercept and 0H
{ }0 VKTkH uB− 2/1*  as slope. The value of thermal stability factor, , is 
calculated from parameters deduced for intercept and slope by linear data fitting. The 
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η                                                                                         (2.12) 
By fitting the remanent coercivity measured for different applied field duration 
in equation (2.10), the value of V* can be obtained. In the S-W model, V* is identical 
to the physical particle volume. However, if the situation deviates from the S-W 
model, the value of V* could differ from the physical particle volume. If V* is smaller 
than the physical particle volume, it means magnetic reversal takes place coherently at 
small switching unit, but over all magnetic reversal is incoherent. Conversely, if V* is 
larger than the physical particle volume, then magnetic interaction between particles 
is large. Note that physical particle may consist of many grains (as determined by x-
ray grain size or TEM dark field imaging) in its volume. 
 
 
Chapter 2: Experimental techniques 
   
                                                                                           
29
2.3.3 Measurement of magnetocrystalline anisotropy constant 
In magnetic recording media, Ku is an important parameter to determine the 
thermal stability factor. Hence it is essential to measure the Ku value. In this study, the 
Ku value is determined using torque magnetometer, and the area enclosed between the 
in-plane and out-of-plane hysteresis loops. 
 
2.3.3.1 Measurement of Ku by torque magnetometer 
The torque magnetometer is used to determine the Ku of magnetic samples. 
The derivation of Ku is based on a principle that when the anisotropic sample is placed 
in the magnetic field at a certain angle, the field tries to force the magnetization of the 
sample to align along its direction, whereas the anisotropy energy of the sample 
attempts to keep the magnetization in the easy axis direction. As a result, the field 
exerts a torque on the sample. The torque is equal to the negative of the first 
derivative of anisotropy energy, Ea, with respect to the angle θ between magnetization 
direction and easy axis. 
θ∂−∂= /aEL                                                                                              (2.13) 
In the torque measurement, the sample is rotated in the plane containing the 
easy axis and magnetic field. The torque, which is function of θ, can be expressed by 
Fourier series 
)]2cos()2sin([)( θθθ nBnAL nn
n
+∑=                                                        (2.14) 
where n = 0, 1, 2, 3…is a natural number. In practice, the angle θ is defined in 
such a way that at θ = 0, L = 0, therefore Bn = 0. In the case of uniaxial anisotropy, as 
for the samples investigated in this thesis, the term of higher order anisotropy greater 
than two are ignored. Therefore equation (2.14) is simplified to  
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)4sin()2sin()( 210 θθθ AAAL ++=                                                            (2.15) 
where, the first term does not have any contribution to anisotropy. Generally 
during the measurement, the anisotropy energy (Ea) of thin film sample has two 
components, the magnetocrystalline anisotropy energy (Ec) and the demagnetization 
energy (Ed) due to the shape anisotropy. The magnetocrystalline anisotropy energy 
and the demagnetization energy can be respectively written as 
θθ 4221 sinsin KKEc +=                                                                          (2.16) 
[ ]θθ 222//2 sincos21 ⊥+= NMNME ssd                                                     (2.17) 
where, //  and ⊥N denote the demagnetization factor along and 
perpendicular to the easy axis, respectively, and Ms is the saturation magnetization. 
Therefore, the magnetic anisotropy ener
N
gy is given by 
[ ]θθθθ 222//24221 sincos21sinsin ⊥+++= NMNMKKE ssa                   (2.18) 
            θθθθ 4sin)2/(2sin)(/)( 221 KKKKEL da +−+−=∂−∂=                 
            θθθ 4sin)2/(2sin)( 2)( KKL effu +−=                                                        (2.19) 
where dueffu KKK −=)(  is the effective anisotropy, 21 KKKu +=  
and )( // ⊥− NN2
1 2= MK sd  the demagnetization energy. Equation (2.19) indicates 
that at point θ = 0º and θ = 180º, where magnetization direction points along the easy 
axis direction, the slope of the torque curve should be negative for a positive value of 
Ku(eff). A Comparison between equation (2.15) and (2.19) indicates that the effective 
anisotropy, 1) Aeff =(Ku . This method of determination of Ku is applicable if applied 
field is significantly larger than the anisotropy field so that an angle between the easy 
axis and applied field (φ) remains equal to angle between easy axis and magnetization 
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direction (θ). In this experiment, the maximum applied field is 12 kOe, which is less 
than the anisotropy field. This field is not high enough to force the magnetization to 
lie exactly in the field direction. As a result, in this study, torque curve correction 
method is used to determine the Ku value. Using this method the Ku value can be 
precisely determined for applied field one fifth of anisotropy field.87 In this method, 
the experimental result of torque versus φ is converted to torque versus θ. The angles 
φ and θ is defined in Fig. 2.4. The torque exerted by the magnetic field (B) is given by  
)sin( θϕ −= BML s                                                                                     (2.20) 
)/(sin 1 BML s
−=−θϕ                                                                                (2.21) 
Using equation (2.21), the torque can be obtained as function of θ for known value of 
saturation magnetization, which is determined from hysteresis loop. Thereafter, each 
point of the experimental torque curve is re-plotted as a function of θ. The torque 
versus θ curve was then Fourier transformed to obtain the Ku(eff). Thereafter, the value 
of Ku  can be calculated according to formula .88 2)( 2 seffuu MKK π+=







Figure 2.4: Orientation of easy axis, magnetization and applied field directions. 
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2.3.3.2 Measurement of Ku by area enclosed between the in-plane and 
out-of-plane hysteresis loops 
This method of determining Ku from magnetization curve is based directly on 
the definition of anisotropy energy, namely, the energy stored in the crystal when it is 
magnetized to saturation along the hard direction. The value of Ku in this method is 
evaluated by taking the area [ ] enclosed between magnetization curves 
of the in-plane and the out-of-plane direction in the first quadrant of M-H loop, 
subject to the condition that the films are saturated in both directions. Since, the in-
plane hysteresis loops of samples studied in this thesis were not fully saturated under 
the maximum applied field, therefore saturation field of the in-plane magnetization 
direction was obtained by extrapolating the in-plane and the out-of-plane hysteresis 

























Figure 2.5: Schematic diagram for calculation of Ku, using difference in area 
between the in-plane and out-of-plane hysteresis loops. 
 
In Fig. 2.5 the shaded area shows the Ku value.  The Ku value determined by this 
method is lower than that determined by torque method as discussed in previous 
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2.3.4 Magnetic force microscopy 
Magnetic force microscopy (MFM) belongs to the scanning probe microscopy 
(SPM) group. It is used to map the magnetic field strength across the sample surface 
using a magnetized tip 89. The MFM relies on the interaction of two magnetic bodies, 
the probe and the sample. In MFM, a tapping cantilever equipped with a special tip is 
first scanned over the sample surface to obtain topographic information. Using the 
Lift Mode, the tip is then raised just above the sample surface. Lift-mode allows the 
imaging of relatively weak but long-range magnetic interactions while minimizing the 
influence of topography. The surface topography is scanned while being monitored 
for the influence of magnetic forces, which are measured using the principle of force 
gradient detection. In the absence of magnetic forces, the cantilever has a resonant 
frequency f0. This frequency shifts by an amount Δf proportional to vertical gradients 
in the magnetic forces on the tip and form the domain pattern. More detailed 
information about MFM can be found elsewhere.90  
 
2.4 Structure and microstructure characterization 
2.4.1 X-ray diffraction                 
The x-ray diffraction (XRD) is a technique for phase analysis and mosaic 
distribution of crystalline solid with size larger than that of the x-ray coherence 
length. The basic principle of x-ray diffraction is governed by the Bragg’s law, which 
is given by equation 
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                                     λθ nd hkl =sin2                                                         (2.22) 
where, is the inter-planer spacing of {hkl} plane, hkld θ  the angle between x-ray beam 
and diffracting plane, n a positive integer that defines the order of diffraction and λ  
the wavelength of x-ray. More detailed information about XRD can be obtained in the 
text book of B. D. Cullity91 and B. E. Warren.92 In this thesis, x-ray powder scans and 
rocking curves of all samples were measured from X’Pert Philips diffractometer using 
Cu  radiation in a continuous scanning mode.  αK
 
2.4.1.1 X-ray powder scans or θ-2θ measurements 
In x-ray powder scans, both the source and the detector are free to move in 
such a way that incident beam at an angle θ with respect to the film surface makes an 
angle 2θ with respect to the diffracted beam. The intensity of diffracted beam is 
detected at each 2θ value in the scanned range in the user defined steps, and intensity 
versus 2θ is plotted. In this study the abscissa of measured pattern was represented in 
terms of momentum transfer, θλ
ππ sin42 ==
hkld
q . The dhkl-spacing of planes parallel 
to the film surface can be obtained. The diffraction peaks were indexed and phases 
were determined by comparing the experimental peak position with standard data 
base from the Joint Committee on Powdered Diffraction Standard (JCPDS).  
 
2.4.1.2 Rocking curve measurement 
To investigate the quality of film texture (mosaic distribution), the rocking 
curves (ω scans) are measured. This method is applicable to analyze the dispersion of 
particular plane around the film normal direction. To measure the rocking curve of 
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texture peak at an angle 2θi, the detector is first fixed at an angle 2θi with respect to 
incident beam. Then angle θ between incident beam and the normal direction of film 
plane is scanned around the value θi. The full-width at half-maximum (Δθ50) 
determined from the rocking curve is measured to study the quality of texture. Small 
value of the Δθ50 indicates a better quality of texture.  
  
2.4.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) is a mainstay for materials 
characterization. The main strength of TEM is its high lateral resolution (better than 
0.2 nm “point-to-point” on some instrument) and its capability to provide both image 
and diffraction information from a single sample.82 In TEM, a parallel beam of 
electrons passes through the sample, where some of the beam is scattered by atoms to 
different directions. The diffracted electron beam is brought into focus in the back 
focal plane of objective lens, forming a two dimensional array of spots corresponding 
to a particular set of plane for a single crystal. For polycrystalline samples, ring 
patterns are observed. From diffraction pattern, the interplaner spacing can be derive 
using the relation 
 LRdhkl λ=                                                                                       (2.23) 
where, dhkl is the interplaner spacing for particular set of reflecting planes 
{hkl}, R the  radius of particular diffraction ring, λ the wavelength of electron beam 
and L the distance between sample and back focal plane. The product ‘λL’ is known 
as camera constant.  The transmitted electron beam and the diffracted electron beam, 
respectively, form bright field image and dark field image. More detail information on 
TEM imaging and techniques can be found elsewhere.93  
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In this study, plane-view and cross-section bright field TEM images were used 
to observe the microstructure of thin film media in terms of grain size, grain isolation 
and columnar growth. In this study JEOL 3010 and JEOL 2010 model of TEM with 
respective accelerating voltage of 300 keV and 200 keV were used for samples 
characterization. 
 
2.4.3 Atomic force microscopy 
The atomic force microscopy (AFM) is another form of SPM. It is a very 
powerful tool to measure the surface topography of samples at sub-nanometer scale 
resolution. During measurement, a fine tip is brought into close contact with sample 
surface without actually touching the surface. This is done by sensing the repulsive 
force between the probe tip and the sample surface. The tip is moved back and forth 
over the area of interest on sample surface to display the surface morphology. In this 
study AFM is used to measure the surface roughness of sample in the tapping mode. 
The surface roughness is quantitatively extracted from the commercial software 
available with the instrument. The root mean square of surface roughness (Rrms), 
defined as the standard deviation of the z value within a given area, is measured, and 
















                                                      (2.24) 
where Zavg is the average Z value within given area, Zi  the current Z value and 
N the number of points within the given area. Detailed information about AFM can be 
found elsewhere.94  
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2.4.4 X-ray absorption spectroscopy 
           The x-ray absorption spectroscopy using synchrotron radiation is a well 
established technique providing information on the electronic, structural and magnetic 
properties of the matter. In x-ray absorption, a photon having energy greater than or 
equal to the energy of a core level electron is absorbed by an atom, giving rise to the 
transition of electron from core state to an empty state above the Fermi level.69 The 
energy of absorption edges of core states is the characteristic of a particular element, 
which makes x-ray absorption an element selective technique. The x-ray absorption 
spectroscopy comprised two regions; the x-ray absorption near-edge spectroscopy 
(XANES) and extended x-ray absorption fine structure (EXAFS).70 The XANES 
extends up to ~50 eV above the absorption edge and gives information about the 
electronic properties of the absorbing atom, while the EXAFS extends from ~50 eV to 
1000 eV and yields information about the local atomic environment around the 
absorbing atom. Crystallinity (long-range order) of the sample is not required for 
EXAFS measurement, making it useful for noncrystalline and highly disordered 
materials including solutions. 
 
2.4.4.1 Basic theory of EXAFS 
The basic principle of EXAFS is governed by the photoelectric effect. When 
an x-ray photon of energy (E) higher than the binding energy (E0) of core level 
electron is absorbed by an atom, it leads to the ejection of photoelectron. The 
photoelectron behaves as a outgoing spherical wave of wavelength, k/2πλ = , where 
))(/2( 0
2 EEk −= hπ , where π2/h=h  and h is Plank’s constant. The outgoing 
waves scatter with neighboring atoms and generate the backscattered waves. The 
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constructive and destructive interference between outgoing and backscattered waves 
generate the oscillatory EXAFS signal because constructive interference increases the 
amplitude of overall wavefunction, whereas destructive interference decreases the 
amplitude of overall wavefunction. The schematic diagram of propagation of 
outgoing wave, generation of backscattered wave and interference between outgoing 
wave and backscattered wave is shown in Fig. 2.6. The backscattered amplitude and 
phase depend on the type of atom participating in the backscattering process and its 
distance from the center atom. As a result, one can get accurate information about 
local atomic environments including the average coordination number (N) of different 
surrounding atoms, their distance (R) to the absorber as well as the relative mean 
square deviation (σ2) of distance R. The σ2 is associated with thermal and static 
displacements of atoms about their equilibrium position. The atoms thermally vibrate 
about their equilibrium position. Defects or any other kind of disorder may generate 
additional static displacement from equilibrium position. These displacements reduce 
the EXAFS amplitude. If the atoms in the coordination shell j are distributed 
according to the Gaussian with standard deviation σj around the average distance Rj, 
then the EXAFS amplitude is damped by Debye-Waller factor .74 Note that the 
term σ2 that enters into EXAFS Debye-Waller factor is different than that enters into 
the Debye-Waller factor of conventional XRD. In EXAFS, σ2 is the relative mean 
square deviation between the absorbing and backscattering atoms, while for XRD, 
mean square displacement of the atoms in the directions normal to the diffracting 
planes. Furthermore, using the polarization dependent EXAFS measurements, 
structural information of the in-plane and out-of-plane directions with respect to the 
sample surface can be separately extracted, allowing the use of EXAFS to investigate 
anisotropic structure.74-77   
222 kje σ−
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Figure 2.6: Schematic diagram of radial portion of the photoelectron waves. The 
solid lines indicate the outgoing waves, and dotted lines indicate the scattered 
waves from surrounding atoms. 
 
 
The EXAFS fine-structure function signal χ(k) obtained after interference of 
the outgoing wave and backscattered wave is the relative oscillation of the total 
absorption coefficient μ(k) with respect to the absorption coefficient of an isolated 






















     (2.25) 
where,  is the amplitude reduction factor accounted for an overlap of initial 
and final wave function of passive electron,  the number of neighboring atoms, 
 the backscattering amplitude from each shell,  the Debye-Waller 







jR )(kλ  the mean free path of 
photoelectron and )(kjδ  the phase shift associated with the emergence of 
photoelectron from photo-absorber and from the scattering of the atoms in the path. 
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The factor )(/2 kR je λ−  takes into account the signal attenuation due to the 
photoelectron mean free path and core-hole life time. More details about the EXAFS 
may be found elsewhere.71-73  
 
2.4.4.2 Polarization dependence of EXAFS 
 The electron in the synchrotron orbits and accelerates in the horizontal plane. 
As a result the x-ray produced from synchrotron is linearly polarized in the horizontal 
plane. The polarization dependence of x-ray is used to probe the anisotropic system. 
The effective co-ordination number Nj* depends on angle between the E vector and 




















2cos9.0 θ       for L3  edge                                 (2.27)          
 where, θij is the angle between the electric field vector E of the incoming beam  
and the radius vector connecting the absorber to jth neighbors  atom in the ith 
coordinating shell. This indicates that in the in-plane measurement (E vector oriented 
in the plane of the sample), all atoms (including intraplanar and interplanar) except 
those atoms whose radial vectors are at 90º with respect to E vector contribute to the 
EXAFS signal. In the out-of-plane measurement (E vector oriented perpendicular to 
the film surface), the intraplanar atoms do not contribute in the EXAFS signal, since 
their radial vectors are at 90º with respect to the E vector. 
Figure 2.7 shows a schematic diagram of hexagonal structure with E vector in 
the film plane, in which center atom (circle) is surrounded by 6 intraplanar atoms 
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(black) and 6 interplanar (3 above and 3 below to center atom) atoms (gray). When E 
vector lies in film plane, all 12 neighbors atoms contribute to EXAFS signal, while 
only 6 interplanar atoms contribute to EXAFS signal when E vector lies along the 
film normal. The weight of each atom depends on θij. This reveals that using polarized 
EXAFS one can extract the information about the intraplanar and interplanar 
neighboring atoms around the element of interest, which is being probed by x-ray. 
Furthermore, polarized EXAFS provides the information about the intraplanar and 
interplanar radial distance of neighboring atoms. Different intraplanar and interplanar 
radial distance of neighboring atoms facilitate to investigate the tensile/compressive 
strain induced in the film at short-range order.78 
 







Figure 2.7: Schematic diagram of interplanar atoms (black) and intraplanar 
atoms (gray) around the center atom (circle) in the hcp structure with [0001] 
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2.4.4.3 EXAFS data collection 
 All data were collected at Pacific Northwest Consortium-Collaborative Access 
Team (PNC-CAT) 20 BM beam line of Advanced Photon Source located at Argonne 
National Laboratory, IL-USA. The EXAFS data were collected at room temperature 
in fluorescence mode using 13 element solid state Ge detector which was placed at 
right angle to the incident beam direction. Rh coated Si mirror was used to reject the 
higher order harmonics. The Si (111) double crystal monochromatore was used for 
energy tuning. For each sample 4 and 8 scans were taken in the in-plane and out-of-
plane polarization geometries, respectively, at the Co-K edge (7.7089 keV) and the Pt-
LIII edge (11.5637 keV), and then all scans were averaged. However, during the out-
of-plane measurement of the Pt-L3 edge, an unwanted peak corresponding to the As-K 
edge from glass substrate at 11.8667 keV appeared which made the EXAFS data 
range too short to analyze after removal of EXAFS signal above the As-K edge. 
During the in-plane measurement the electric vector E was nearly parallel to the film 
surface (at 5° from film surface), while in the out-of-plane measurement the E vector 
was at 15° with the film normal.  
 
2.4.4.4 EXAFS data reduction 
 
The information extracted from EXAFS depends on the reduction of the 
experimental data. Therefore, it is necessary to follow the standard procedure in data 
analyses. A typical EXAFS spectrum of the raw data of Co foil is shown in Fig. 
2.8(a). It is a plot of the absorption versus incident photon energy. Before data fitting, 
all background is removed from the signal and the signal is normalized on a per atom 
basis. The normalized Co EXAFS signal is shown in Fig 2.8(b). Thereafter, the chi 
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data is extracted using a suitable number of spline and k-weighting in a particular k-
range. Figure 2.8(c) shows the chi data for number of spline 7 and k-weight 2 in the k-
range 3 ≤ k ≤ 15. To extract the information about the coordination number and radial 
distance, the chi data is Fourier transformed. The Fourier transform (FT) of the Co 
foil data is given in Fig. 2.8(d). The FT data is fitted with particular model of the 




    


























































     
Figure 2.8: (a) Experimental EXAFS spectrum of Co foil at Co-K edge (Data was 
collected from PNC-CAT at APS). (b) Normalized EXAFS spectrum of Co foil. 
(c) Chi data of EXAFS spectrum of Co foil in the fit range of 3 ≤k ≤15 Å-1. (d) 
Fourier transform of EXAFS spectrum of Co foil. 
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Effects of Pt compositions in CoPt thin films 
 
As discussed in Chapter one that high Ku material is essential for high areal 
density magnetic recording media. Granular CoCrPt-oxide thin film media is used for 
perpendicular magnetic recording. In this media, Cr partially segregates to grain 
boundaries and reduces intergranular exchange interaction, and partially remain inside 
the grains.52-55 The presence of Cr inside the grains reduces the Ku value,25,56,57 
consequently limiting the areal density. In addition, the segregation of Cr varies 
proportionally with grain size, resulting in grain-to-grain anisotropy distribution that 
leads to wider transitions and hence poorer SNR.33 Different elements are used to 
substitute Cr, which however further deteriorate magnetic anisotropy.58 As a result, in 
this work CoPt media was studied to increase the Ku value.  
Co100-xPtx bulk phase diagram is shown in Fig. 3.1. It shows that Co100 is hcp 
phase, which changes to face centered cubic (fcc) for x ~ 50 and becomes non-
magnetic for x > 90. It indicates that magnetic properties of CoPt media depend on 
their relative compositions.  Increasing Pt compositions in Co increase the Ku value95 
at the risk of increased stacking fault at higher Pt compositions.56 The existence of 
stacking faults cause a lower Ku and high dispersion in Ku values,96 resulting in 
reduced thermal stability and SNR.  Hence, first and foremost objective of this chapter 
was to find out the optimum compositions of Co and Pt to achieve the best magnetic 
properties such as high Ku, large coercivity and large thermal stability factor.   
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Co Pt  
Figure 3.1: Co-Pt binary alloy phase diagram.94 
 
3.1 Experimental methods 
Figure 3.2 shows the schematic diagram of layers structure. To investigate the 
effects of Pt compositions on structure and magnetic properties of Co100-xPtx, thin 
films of Pt(2 nm)/Co100-xPtx(0 ≤ x at. % ≤ 43)(20 nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 
nm)/glass were deposited. The top most layer of 2 nm Pt was deposited as a protective 
layer to Co100-xPtx film. Ru/Pt underlayers were deposited to induce (0002) texture in 
Co100-xPtx films to attain perpendicular magnetic anisotropy. Ta seedlayer was used to 
provide clean and smooth surface to underlayer. No substrate heating was carried out 
during the deposition process. The thickness of all layers was nominal, which was 
calibrated by deposition rate and time, and further confirmed using cross-section TEM 
images within the uncertainty of 5%. The alloy compositions of deposited films were 
confirmed by Rutherford backscattering (RBS). The base pressure was lower than 
5x10-8 Torr. The Co100-xPtx magnetic layer, Ru underlayer, Pt intermediate layer and 
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capping layer, and Ta seedlayer were deposited at 10 mTorr, 0.5 mTorr, 3 mTorr and 
2 mTorr Ar, respectively. 
  
                                    







Figure 3.2: Schematic diagram of layers structure. 
 
3.2 Results and discussion 
3.2.1 Crystallographic structure of Co100-xPtx films  
 Figure 3.3 shows the x-ray powder scans of Co100-xPtx films for 0 ≤ x ≤ 43. All 
samples exhibited peaks corresponding to the magnetic layer and underlayer only. No 
other peaks corresponding to the Pt intermediate layer/capping layer and Ta seedlayer 
were detected. It revealed that these layers were either amorphous or their crystal size 
were less than the x-ray coherence length and could not be detected during the 
measurement. Co100 film showed only one peak of magnetic layer corresponding to 
the momentum transfer (q) of 3.089 Å-1 (d-spacing of 2.0403 Å). This peak position 
corresponded to either the fcc Co (111) or hcp Co (0002), which could not be resolved 
by XRD. This peak continuously shifted towards a lower q values with increasing the 
Pt compositions, partially overlapping with the Ru (0002) peak. This was attributed to 
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the expansion of CoPt lattice with increasing Pt compositions, as Pt (atomic size 2.78 
Å) was larger than that of Co (atomic size 2.50 Å). 
 
                           

















Figure 3.3: X-ray powder scans of Pt(2 nm)/Co100-xPtx (20 nm)/Ru(30 nm)/Pt(2 
nm)/Ta(5 nm)/glass, for x = 0, 13, 18, 23, 28, 33 and 43 at.%. Momentum 
transfer, hkldq /2π=  
 
 
3.2.2 Microstructure of Co100-xPtx films 
 Figures 3.4(a) and 3.4(b) show the columnar growth, observed from bright 
field cross-section TEM images of Co100 and Co72Pt28 films, respectively. Figures 
3.4(c) and 3.4(d) show the corresponding planar images. It indicated that Pt alloying 
resulted in a smaller columnar width and increased grain isolation compared to the 
Co100 film. The average column width of Co72Pt28, estimated by the arithmetic mean 
of their minimum and maximum dimensions from about 200 grains was 9.0 ± 1.7 nm. 
However, with further increasing the Pt composition to 43 at.%, the grain diameter 
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Figure 3.4: Bright field cross-section TEM images of (a) Co100(20 nm) and (b) 
Co72Pt28(20 nm). Bright field plane-view TEM images of (c) Co100(20 nm), (d) 
Co72Pt28(20 nm) and (e) Co57Pt43(20 nm) films deposited on Ru(30 nm)/Pt(2 
nm)/Ta(5 nm)/glass.  
 
3.2.3 Magnetic properties of Co100-xPtx films 
3.2.3.1 Squareness 
In order to investigate the effects of Pt compositions on magnetic properties of 
Co100-xPtx films, the in-plane and out-of-plane hysteresis loops of all samples were 
measured. Figures 3.5(a)-3.5(d) show the hysteresis loops of selected samples for 
different Pt compositions. The in-plane squareness, )/( //// sr MMS = , and out-of-
plane squareness, , were evaluated from hysteresis loops (here  
and 
)/( sr MMS =⊥ //rM
⊥rM
S
 are the remanent magnetization in the in-plane and out-of-plane directions,  
respectively, and  the saturation magnetization). Figure 3.6 shows the variation of 
 and  with the Pt compositions. It showed that for Co100, was 0.90 and 
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Figure 3.5: In-plane and out-of plane hysteresis loops of 20 nm thin film of (a) 




With increasing the Pt compositions decreased drastically and reached a minimum 
at 28 at.% Pt and increased slightly with further increasing the Pt composition to 43 
at%. The increased rapidly to unity at 23 at.% Pt and decreased slightly at 43 at.% 
Pt. The was always larger than that of the in the experimental range of 13-43 
at.% Pt compositions. It indicated that the addition of Pt changed the easy axis of 
magnetization of Co from the in-plane to out-of-plane direction, as shown by the 
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Figure 3.6 Variation of in-plane squareness, , and out-of-plane squareness, 







3.2.3.2 Magnetic anisotropy  
In this section, the Ku value of all films is evaluated by taking the area 
enclosed between magnetization curves of the in-plane and out-of-
plane directions as described in section 2.3.3.2. Figure 3.7 shows the variation of  
with different Pt compositions in Co100-xPtx films. The Ku value increased 
monotonically with increasing the Pt compositions and reached a maximum of 5.5 x 
106 erg/cc at 28 at.%  Pt. This could be explained by the favored growth of the hcp 
CoPt. Since Co (111) and Co (0002) had approximately the same lattice mismatch 
with Ru underlayer, therefore, the growth of either phase was equally probable, as 
free energy difference between the fcc and hcp stacking in nanostructure Co is very 
small.96 It is therefore assumed that nanotructured hcp and fcc CoPt alloys follow the 
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could induce in-plane tensile strain. This resulted in compressive strain perpendicular 
to the film plane, and could hinder the growth of Co (0002).95 Addition of Pt resulted 
in the lattice expansion of CoPt as observed from the XRD data that Pt addition 
shifted the Co peak towards a lower momentum transfer. The increased lattice 
expansion of Co reduced the lattice mismatch with Ru underlayer, promoting the 
growth of CoPt (0002). However, further increasing the Pt compositions above 28 
at.% decreased the Ku value despite reduced lattice mismatch. This warrants further 
investigation, which is discussed in detail in the next chapter. 
 
             
















Figure 3.7: Variation of perpendicular magnetic anisotropy constant, , with Pt 




3.2.3.3 Coercivity  
Figure 3.8 shows the variation of in-plane coercivity, , and out-of-plane 
coercivity, , with Pt compositions for Co100-xPtx films. It showed that and 
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softness. With increasing the Pt compositions, no significant change was observed 
in . However,  continuously increased and reached a maximum of 5.5 kOe 
for 28 at.% Pt, and decreased thereafter with further increasing the Pt compositions. 
The variation of and Ku showed a similar trend with increasing the Pt 
compositions. It indicated that the increased values of was associated with 
increased value. In addition to large Ku, the enhancement of in the sample 
with 28 at.% Pt was attributed to a reduced intergranular exchange interaction, which 















               













Figure 3.8: Variation of in-plane coercivity, , and out-of-plane 
coercivity,
(//)cH
)(⊥cH , with Pt compositions in Co100-xPtx thin films deposited on 




3.2.3.4 Thermal stability  
 
The ultimate goal of recording industry to use the high Ku materials is to have 
the thermally stable media so that stored data could be retained for a sufficiently long 
time. As a result, thermal stability is one of the major concerns in the recording 
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industry. Therefore, effects of Pt compositions on thermal stability were studied for 
Co100-xPtx films. To measure the thermal stability factor (TSF), the remanent 
coercivity was measured for applied field duration of 1, 5, 20, 40 and 100 seconds. 
The data was fitted to the Sharrock’s formula given in equation (2.9) for a 
perpendicular recording media. Figure 3.9(a) illustrates a plot between crH and 
{ } 21)ln( tf  showing straight line with H  as the intercept and 0 0 { 2VKTkH−  as 
data points in Fig. 3.9(a) lied on the straight lines ind k’s 
formula was a good approximation to measure the TSF. The value of TSF was 
calculated from the y intercept and slope. The values of TSF for different 
compositions are shown in Fig. 3.9(b). It indicated that TSF increased with Pt 
compositions and reached a maximum of 805 at 28 at.% Pt. This value was higher by 
an order of magnitude that required for storing the data for a period of 10 years. The 
TSF then decreased with further increasing the Pt compositions above 28 at.%. The 
TSF and Ku showed a similar trend with the Pt compositions indicating a 
correspondence between TSF and Ku. However, a large TSF could be attributed to a 
large Ku or/and large magnetic switching volume. In order to investigate the actual 
cause of high TSF, the magnetic switching volume was also evaluated from 
remanence coercivity measurement data for different Pt compositions according to 
equation (2.10) assuming η was unity. The data is plotted in Fig. 3.9(b) along with 
TSF. It illustrated that magnetic switching volume showed a reverse trend when 
compared with TSF for different Pt compositions. Hence, it was concluded that the 
large TSF was not attributed to the large magnetic switching volume; instead it was 
associated with the large Ku value. 
}0 uB
slope. All icating that Sharroc
/1
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Figure 3.9: (a) A plot of remanent coercivity versus [ln(f0t)]1/2. Solid lines are 
linear fitting of data. (b) Plot of thermal stability factor, , and magnetic 
switching volume for different Pt compositions in Co100-xPtx deposited on Ru(30 





The effects of Pt compositions on structural and magnetic properties of CoPt 
were investigated. Alloying Pt with Co reduced the lattice mismatch between the Ru 
underlayer and Co magnetic layer, and favored the growth of CoPt (0002) on the Ru 
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(0002) underlayer. The Co72Pt28 film was observed to be the optimized alloy 
composition with large perpendicular magnetic anisotropy, large , large thermal 
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Growth induced structural anisotropy and strain analysis in 
CoPt films 
 
CoPt alloy films have attracted much interest in the magnetic and magneto-
optic recording due to their strong perpendicular magnetocrystalline anisotropy 
(PMA). Conventionally, the materials with large out-of-plane coercivity and 
squareness compared to that of the in-plane direction are said to have a PMA. 
Different views were proposed to explain the enhanced PMA in the CoPt films such 
as growth induced structural anisotropy, 75-77,98,99 reduced c/a value due to lattice 
deformation,100 increased c/a value34 and  reduced lattice mismatch between 
substrate/underlayer and magnetic layer. Some arguments were counterintuitive to 
each other. However, all arguments depended on the relative compositions of the Co 
and Pt, and their miscibility with each other. Conventional phase diagram for bulk 
materials may not necessarily predict the miscibility in nanostructured materials, since 
it does not consider the surface and interface effects. The conventional phase diagram 
of Co100-xPtx illustrates a complete miscibility at room temperature (Fig. 3.1). 
However, in nanostructured thin films growth induced structural anisotropy (two 
dimensional clustering) of Co was reported at temperature larger than 690 K77. In 
growth induced structural anisotropy, the number of Pt atoms surrounding the Co 
atom was different in the film plane and along the film normal direction (growth 
direction). In Chapter 3, it was observed that PMA initially increased with increasing 
the Pt compositions, and decreased with further increasing the Pt compositions above 
28 at.%.  As a result, it is necessary to understand the origin of PMA in the CoPt thin 
films. To investigate the origin of PMA, this Chapter emphasized to study three basic 
issues using polarized EXAFS. First, whether the Co and Pt showed complete 
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miscibility or formed separate phases. Second, whether Co and Pt were randomly 
distributed in the lattice or they had any preferential heterogeneity in the growth plane 
and the growth direction. Third, the strain induced in the CoPt films.  
 
4.1 Experimental methods 
 The Co100-xPtx (50 nm)/Ru (30 nm)/Ta (5 nm)/glass (where x = 0, 10, 28, and 
43) films were deposited using magnetron sputtering. All samples were capped with 2 
nm Ta to prevent from oxidation. In this set of samples, the Pt intermediate layer was 
removed and Ta used as a capping layer instead of Pt, as used in Chapter 3. However, 
these changes did not affect the trend of magnetic properties observed in Chapter 3. 
Such changes were made to avoid any contribution of the Pt intermediate layer and 
capping layer in CoPt EXAFS data at the Pt-L3 edge. Since EXAFS provides the 
average information of whole sample. 
 




Magnetic  layer (Co100-xPtx)
Capping layer (Ta)
                            
Figure 4.1: Schematic diagram of layers structure. 
 
The schematic diagram of the layers structure is shown in Fig. 4.1. The 
deposition parameters of different layers were kept the same as described in section 
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3.1. To study the phase miscibility, growth induced structural anisotropy and strain in 
the CoPt films, all samples were analyzed using polarized EXAFS at the Co-K edge 
and Pt-L3 edge. The EXAFS data were collected at Pacific Northwest Consortium-
Collaborative Access Team (PNC-CAT) 20 BM beam line of Advanced Photon 
Source located at Argonne National Laboratory, IL-USA. The details of data 
collection method have already been discussed in section 2.4.4.3. 
 
4.2 Results and discussion 
4.2.1. Magnetic Properties 
Figures 4.2(a)-4.2(d) show the in-plane and out-of-plane hysteresis loops of 
magnetic thin films of Co100-xPtx. The easy axis of magnetization of Co100 lied in the 
film plane direction, and changed to the out-of-plane direction with increasing the Pt 
compositions. At 28 at.% Pt, the and  were 0.44 and 0.85, respectively, and the 
 and  were 2.9 kOe and 4.5 kOe, respectively. It showed that the PMA 
prevailed for 28 at.% Pt composition. With further increasing the Pt compositions, 






The in-plane easy axis of magnetization in Co100 film could be attributed to the 
two possible reasons. First, Co100 film exhibited hcp structure with easy axis (c-axis) 
along the film normal direction, but shape anisotropy, larger than the 
magnetocrystalline anisotropy forced the magnetization direction to lie in the film 
plane. Second, the nanostructure Co100 film might acquire the fcc structure during the 
growth process due to small free energy difference between the hcp and the fcc 
stacking, though hcp Co was stable phase in the bulk. In this study,  of the Co100 sM
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film was ~ 1000 emu/cc, and associated shape anisotropy, , was ~ 6.28 x 106 
erg/cc, which was larger than the first order magnetocrystalline anisotropy of Co (~ 
4.5 x 106 erg/cc). Hence, both reasons were equally probable. In order to understand 
the actual reason of in-plane easy axis of the Co100 film and out-of-plane easy axis of 
the Co100-xPtx films, all samples were investigated using XRD and polarized EXAFS. 
22 sMπ
 













































































































Figure 4.2: In-plane and out-of-plane hysteresis loops of 50 nm thick (a) Co100, 





4.2.2 Crystallographic structure 
Figure 4.3 shows the x-ray powder scans of Co100-xPtx films. Similar to the 
section 3.2.1, the Co100 film showed only one peak of magnetic layer corresponding to 
the momentum transfer (q) of 3.089 Å-1. This peak position corresponded to either the 
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fcc Co (111) or the hcp Co (0002), which could not be resolved by XRD. This peak 
continuously shifted towards a lower q values with increasing the Pt compositions due 
to the lattice expansion of CoPt. This indicated that the analysis of the XRD data was 
inconclusive to explain the in-plane easy axis of Co100 and the out-of-plane easy axis 
of Co100-xPtx. It was observed that increasing film thickness of the Co100-xPtx to 50 nm 
had the advantage over earlier studied samples of 20 nm thickness in Chapter 3, as a 
thicker magnetic layer showed a larger XRD signal for more accurate analysis. Inset 
of Fig. 4.3 shows the plot between d-spacing of Co100-xPtx versus Pt compositions. It 
showed a linear relationship indicating that the Pt was miscible with Co, and followed 
the Vegard’s law. Assuming the hcp symmetry of Co100-xPtx, the lattice parameter ‘c’ 
of the CoPt was calculated from the (0002) peak. Thereafter, the lattice parameter ‘a’ 
was extracted from the known value of ‘c’ assuming the known relation of c/a = 1.633 
for bulk. These ‘a’ and ‘c’ parameters were used to generate the atom input file for 
the FEFF path calculation in the EXAFS data fitting.  
 
                     




























        
Figure 4.3: X-ray powder scans of Ta(2 nm)/Co100-xPtx (50 nm)/Ru(30 nm)/Ta(5 
nm)/glass, where x = 0, 10, 28 and 43. Inset shows the plot of interplaner spacing 
(d-spacing) versus Pt compositions for Co100-xPtx (0002) peak.  
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 Figures 4.4(a)-4.4(c) show the bright field plane-view TEM images of the 
Co100-xPtx films for different Pt compositions. All films clearly showed the granular 
structure with grains separated by grain boundaries. The average grain sizes in all 
samples were approximately 15 nm. However, not all of grains were well isolated 
from each others and agglomerates of grain were observed. The agglomerates were 









Figure 4.4: Bright field plane-view TEM images of (a) Co90Pt10, (b) Co72Pt28 and 




4.2.4 Phase miscibility, growth induced structural anisotropy and 
strain analysis by polarized EXAFS 
4.2.4.1 EXAFS data analysis 
All data were analyzed using WinXAS 2.3 code following the standard 
procedure,101,102 which determined the structural parameters by fitting the theoretical 
EXAFS signal to the experimental data. The data analyses were performed in the 
following order. First, the averaged data was normalized using the two polynomial fit 
with polynomial order one in the pre-edge region and two in the post edge region. A 
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smooth atomic background function, µ0(E), was removed from the raw absorption 
coefficient, µ(E), and normalized EXAFS signal )0(/))()(()( 00 μμμχ Δ−= kkk
)(kj )(kj
 was 
obtained. The Δµ0(0) is an absorption edge jump. The reference energy E0 was taken 
at the middle of the edge jump103 and the cubic spline fit was used to remove the non-
oscillatory background.  Thereafter, χ(k) data was extracted using the spline number 7 
and k-weight 2. The extracted data was Fourier transformed in the k-range 2.8 ≤ k ≤ 
13 for the Co-K edge and 3 ≤ k ≤ 12 for the Pt-L3 edge using a Bessel window 
function. To extract the information about the coordination number, radial distance 
and Debye-Waller factor, the first peak of Fourier transform (FT) was fitted in a real 
space (r-space) with theoretically generated FEFF input data. The FEFF 8 code was 
used to calculate the backscattering amplitude  and phase shift F δ  for each 
path to the nearest shell of each absorbing atom, namely, the Co-Co and Co-Pt path 
for the Co central atom and Pt-Pt and Pt-Co path for the Pt central atom. The lattice 
parameter ‘a’ and ‘c’ extracted from the XRD data, and P63/mmc space group were 
used to generate the atom input file for FEFF path calculation. The atom input file for 
FEFF calculation assumed that the Pt replaced Co in the Co lattice in the first co-
ordination shell. The  was fixed to 0.7786 and 0.88 during the fitting of Co-K edge 
and Pt-L3 edge, respectively. These values of  were determined by fitting the 
respective reference foil data measured in the transmission mode under the same 
experimental conditions as samples were measured. The parameters N, R, σ2 and ΔE0 
(difference with reference energy E0) were kept free during fitting the Co-K edge. 
However, during fitting the in-plane data at Pt-L3 edge, the RPt-Co distance was fixed to 
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remained the same with respect to each other. RCo-Pt was extracted by first fitting the 
in-plane Co-K edge data.  
 
4.2.4.2 Polarization dependence XANES analysis of Co film 
To confirm the structure of Co100, the Co100 film was probed by polarized 
XANES in the in-plane and out-of-plane polarization geometries at the Co-K edge. 
The experimental in-plane and out-of-plane XANES spectra were compared with 
respective theoretical spectra generated using FEFF 8 code for the fcc and hcp Co. 
Theoretical in-plane and out-of-plane XANES spectra for the fcc Co (111) and hcp Co 
(0002) texture film are shown in Fig. 4.5(a). It showed that XANES spectra from the 
fcc structure were independent of polarized x-rays due to isotropic electric-dipole 
absorption cross-section in the cubic symmetry. In contrast, in the hcp structure, 
absorption spectra exhibited anisotropy due to dichroic dependence of electric-dipole 
of Co-K edge.104 The XANES spectra from the hcp Co show one hump in the out-of-
plane polarization geometry and two humps in the in-plane polarization geometry. 
The position of the hump in the out-of-plane polarization geometry was in between 
the two humps of the in-plane polarization geometry. Comparing the experimental 
results for the in-plane and the out-of-plane measurements for Co100 film (Fig. 4.5(b)) 
with that of the theoretical spectra, the film data showed close resemblance with the 
fcc cobalt. This indicated that for Co100 film, the fcc phase was dominant. This was 
consistent with reported results100 that the fraction of fcc phase increased with 
decreasing Pt composition in CoPt film deposited on Ru underlayer. However, the 
authors in reference 100 did not conduct the test for Co100 film.  
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Figure 4.5: (a) Theoretical XANES spectra of fcc (111) and hcp (0002) textured 
cobalt films generated by FEFF 8 in the in-plane and out-of-plane polarization 
geometries. (b) Experimental XANES spectra of Co(50 nm)/Ru(30 nm)/Pt(2 





4.2.4.3 Polarization dependence EXAFS analysis of Co film 
In order to understand the reason behind the fcc stacking of the Co100 film, the 
EXAFS data in the in-plane and out-of-plane polarization geometries were Fourier 
transformed according to the procedure established in section 4.2.4.1. Figure 4.6 
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shows the FT of the in-plane and out-of-plane polarization geometries. It showed that 
the maximum of first intense peak of the in-plane polarization geometry was 
relatively at larger radial distance than that of the out-of-plane polarization geometry. 
This revealed that film was tensile strained in the in-plane but compressed along the 
film normal direction.  
 
       















Figure 4.6: Fourier transforms (FT) of the EXAFS spectra of Co100 film recorded 
at Co-K edge in the in-plane and out of plane polarization geometries (Phase shift 
was not corrected). Solid line and dotted line show the in-plane and out-of-plane 




Table 4.1: Fitted results (with phase shift correction) of first peak of Fourier 
transforms at Co-K edge in the in-plane and out-of-plane polarization geometries 
of Co100 film. During fitting, the coordination number N was fixed to 12, and  
was fixed to 0.7786, which was calculated from Co foil data measured in 





Polarization direction N R (Å) 
In-plane 12 2.501±0.001 
Out-of-plane 12 2.489±0.001 
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The large in-plane Co-Co distance was attributed to the large lattice parameter ‘a’ of 
Ru underlayer than that of the Co, which induced the in-plane tensile strain in the 
Co100 film. As a result, a compressive strain developed along the film normal 
direction and reduced the Co-Co bond length in the out-of-plane direction. The first 
and more intense peak of FT in the r-range of 1.1-2.8 Å was fitted in the r-space. 
During the fitting of the in-plane and out-of-plane data, the coordination number was 
fixed to 12. Table 4.1 shows the extracted data. It indicated that the Co-Co distance in 
the in-plane (2.501 Å) was larger than that of out-of-plane direction (2.489 Å). The 
large in-plane Co-Co distance induced tensile strain in the film plane. The in-plane 
tensile strain could hinder the growth of hcp Co (0002) and favor the growth of fcc Co 
(111). This suggested that tensile strain induced in the film plane due to Ru 
underlayer was responsible for the growth of the fcc dominating phase in the Co film. 
 
4.2.4.4 Polarization dependence XANES analysis of Co100-xPtx films 
Figures 4.7(a) and Fig. 4.7(b) show the XANES spectra of the Co-K edge 
measured in the in-plane and out-of-plane polarization geometries, respectively, for 
Co100-xPtx. The XANES spectrum of Co reference taken in the transmission mode was 
plotted with the in-plane and out-of-plane data for comparison. The results showed 
that all in-plane and out-of-plane spectra measured at Co-K edge in the Co100-xPtx 
differed from the Co reference sample indicating that the Co did not segregate as a 
separate phase. Similarly, Figures 4.8(a) and Fig. 4.8(b) show the XANES spectra of 
the Pt-L3 edge measured in the in-plane and out-of-plane polarization geometries, 
respectively, for Co100-xPtx with Pt reference data collected in the transmission mode. 
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All spectra recorded at Pt-L3 edge were also different from the Pt reference sample. It 
revealed that the Pt did not segregate as a separate phase.  
 
                     
























 Pt 10 at.%-//
 Pt 28 at.%-//
 Pt 43 at.%-//
(a) Co edge, in-plane measurement
  
                     

























 Pt 10 at.%-⊥
 Pt 28 at.%-⊥
 Pt 43 at.%-⊥
(b) Co edge, out-of-plane measurement
  
Figure 4.7: XANES spectra of Co-K edge for Co100-xPtx films measured in the (a) 
in-plane and (b) out-of-plane polarization geometries, respectively for x = 10, 28 
and 43 at.%. The Co foil XANES spectrum measured in the transmission mode 
was also plotted for comparison. 
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 Pt 43 at%−⊥
Pt-edge, out-of-plane measurement(b)
 
Figure 4.8: XANES spectra of Pt-L3 edge for Co100-xPtx films measured in the (a) 
in-plane polarization geometry for x = 10, 28 and 43 at.%, and (b) out-of-plane 
polarization geometry for x = 28 and 43 at.%. The Pt foil XANES spectrum 
measured in the transmission mode was also plotted for comparison. 
 
In order to study the effects of Pt compositions on phase formation, the in-
plane and out-of-plane spectra measured at Co-K edge for different Pt compositions 
were compared. Figure 4.9(a) - 4.9(c) show the XANES spectra of the Co-K edge 
measured in the in-plane and out-of-plane polarization geometries for 10, 28 and 43 
at.% Pt compositions, respectively. It indicated that with increase of Pt compositions, 
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the difference between the in-plane and out-of-plane spectra increased, showed a 
maximum for 28 at.% Pt composition and decreased thereafter. These experimental 
results were compared with the in-plane and out-of-plane spectra generated using 
FEFF 8 code for the fcc phase and hcp phase in Fig 4.5(a). It indicated that Co100-xPtx 
film was dominated by hcp phase corresponding to 28 at.% Pt compared to 10 and 43 
at.% Pt.  


























































Figure 4.9: XANES spectra of Co-K edge for Co100-xPtx films measured in the in-
plane and out-of-plane polarization geometries for (a) 10, (b) 28 and (c) 43 at.% 
Pt compositions.  
 
 
4.2.4.5 Polarization dependence EXAFS analysis of Co100-xPtx films 
In order to get the information about the phase miscibility and growth induced 
structural anisotropy, the χ(k) data was extracted from the  measured EXAFS signal 
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and then Fourier transformed according to the procedure established in section 
4.2.4.1. Figures 4.10(a)-4.10(c) show the graph of experimental data versus 
photoelectron wavevector measured in the in-plane and out-of-plane polarization 
geometries at Co-K edge for Co90Pt10, Co72Pt28 and Co57Pt43, respectively. The in-
plane and out-of-plane spectra of each sample were similar with larger amplitude in 
the out-of-plane polarization geometry. First and intense peak of FT was fitted in the 
r-space with model calculation made by FEFF 8 as described in section 4.2.4.1. 
)(2 kχ
 





















Figure 4.10: The χ2(k) data collected at Co-K edge in the in-plane and the out-of-
plane direction for (a) Co90Pt10, (b) Co72Pt28 and (c) Co57Pt43. 
 
 
4.2.4.5.1 Analysis of phase miscibility in Co100-xPtx films 
Figures 4.11(a)-4.11(f) show the FT of Co-K edge data of the in-plane and 
out-of-plane polarization geometries for different Pt compositions with best fit of first 
main peak of the radial distribution function (RDF). In order to check the accuracy of 
the proposed model, the first intense peak of RDF was back Fourier transformed and 
fitted with theoretical FEFF data.  
Chapter 4: Growth induced structural anisotropy and strain analysis in CoPt films 
















0 2 4 6













Figure 4.11: Fourier transforms (FT) of experimental data at Co-K edge (open 
symbol) and best fit of first peak of FT (line) for Co100-xPtx (50 nm), where x = 10, 
28 and 43, in the in-plane and out-of-plane polarization geometries. Phase shift 
was not corrected. 
 
 
Figure 4.12(a)-4.12(f) show the back FT data of first peak of Co-K edge and computer 
generated best fit of different samples in the in-plane and out-of-plane polarization 
geometries. A good fit was observed in all samples in both polarizations geometries, 
indicating the accuracy of proposed model and fitted results. Two qualitative 
observations were noteworthy in Fig. 4.11. First, with increasing the Pt compositions, 
the first peak position shifted towards a higher radial distance for the in-plane and out-
of-plane polarization geometries indicating that Pt occupied Co position in the Co 
lattice, which led to lattice expansion and increased the nearest neighbor distance of 
Co. These results were consistent with the XRD results, which indicated that 
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increasing Pt compositions shifted the CoPt peak towards a lower momentum transfer 
indicating lattice expansion. Second, the magnitude of the FT decreased with 
increasing the Pt compositions. This was attributed to the increased Co lattice 
distortion with increasing the Pt compositions, which was associated with larger 
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Figure 4.12: Back Fourier transforms (FT) of first peak (open symbol) of FT of 
experimental data at Co-K edge and best fit (solid symbol) for Co100-xPtx (50 nm), 
where x = 10, 28 and 43, in the in-plane and out-of-plane polarization geometries. 
 
 
The fitting results of the first main peak of Co-K edge in the r-space are 
summarized in Table 4.2. It indicated that with increasing the Pt compositions, the 
Debye-Waller factor increased in both polarization geometries. This change in Debye-
Waller factor indicated that the static displacement of atoms from a mean value 
increased with increasing the Pt compositions. This result qualitatively agreed with 
reduced amplitude of first main peak of Co-K edge, which was associated with 
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increased lattice distortion with Pt addition. In order to investigate the intraplanar and 
interplanar chemical environment of Co in the lattice, the fraction of Co-Co and Co-Pt 
coordination number in the in-plane and out-of-plane polarization geometries were 
compared. For example, fraction of Co-Pt coordination number was calculated 
according to the relation NCo-Pt/(NCo-Co+NCo-Pt), where NCo-Co and NCo-Pt are number of 
Co and Pt neighbor atoms around the Co center atom, respectively, and extracted 
from Table 4.2. The fraction of Co-Co and Co-Pt coordination numbers are 
summarized in Table 4.3. 
 
Table 4.2: Fitted results (with phase shift correction) of the first peak of Fourier 
transforms of Co-K edge in the in-plane and out-of-plane polarization geometries 
for Co100-xPtx . The value of  was fixed to 0.7786, which was calculated from 
Co foil data measured in transmission mode. N, R, and σ2 represent the 
coordination number, radial distance of first nearest neighbors and relative 
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Table 4.3: Summary of fraction of Co-Co and Co-Pt nearest neighbors around 
the Co center atom in the two different polarization geometries for Co100-xPtx 
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Table 4.3 indicated that the fraction of Co-Pt coordination number for the in-
plane and out-of-plane polarization geometries were the same, and equal to the global 
Pt composition for Co72Pt28 film within the limit of experimental uncertainties. It 
suggested that the Pt was completely miscible in the Co. Similar chemical 
environments of Co in the in-plane and out-of-plane polarization geometries indicated 
that Pt was randomly distributed in the Co lattice suggesting the absence of growth 
induced structural anisotropy for Co72Pt28. However, for the Co90Pt10 and Co57Pt43, the 
fraction of Co-Pt coordination number in the in-plane and out-of-plane polarization 
geometries were significantly different. For Co90Pt10, the fraction of Co-Pt 
coordination number in the in-plane and the out-of-plane polarization geometries were 
9.8% and 6.4%, respectively, whereas for Co57Pt43, the Co-Pt coordination number in 
the in-plane and the out-of-plane polarization geometries were 49.5% and 40.5%, 
respectively. This suggested that the Co was surrounded by more Pt in the film plane 
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than that of the out-of-plane direction for Co90Pt10 and Co57Pt43. It indicated growth 
induced structural anisotropy for Co90Pt10 and Co57Pt43. 
The comparison between total coordination number (NCo-Co+NCo-Pt) in the in-
plane and the out-of-plane polarization geometries indicated that the total 
coordination number in the out-of-plane polarization geometry was larger than that of 
the in-plane polarization geometry. Furthermore, FT amplitude was larger in the out-
of-plane polarization geometry compared to the in-plane polarization geometry. 
Since, in the hexagonal structure with (0002) preferred orientation, 75% of 
coordination number were determined by the in-plane neighbors for in-plane 
polarization geometry. Hence, presence of grain boundaries significantly reduced the 
coordination number for the in-plane polarization geometry. The EXAFS provides 
average atomic information of grain and grain boundaries, and it is widely accepted 
that coordination numbers of atoms in the grain boundaries are significantly smaller 
than that of grains. This suggested that reduced average coordination number for the 
in-plane polarization geometry could be attributed to the presence of grain boundaries, 
which also reduced the FT magnitude. It could be observed from the TEM images 
shown in Fig. 4.4 that all samples exhibited significant amount of grain boundaries. In 
the out-of-plane direction the presence of grain boundaries could not affect the 
coordination number because it is only determined by the atoms situated along the 
growth direction rather than the growth plane. This indicated that presence of grain 
boundaries were responsible for the reduced co-ordination number and FT magnitude 
in the in-plane polarization geometry compared to the out-of-plane polarization 
geometry. These results suggested that the growth in the film normal direction was 
quite well structured, as expected from columnar growth. 
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Figure 4.13: Fourier transforms (FT) of experimental data at Pt-L3 edge (open 
symbol) and best fit of first peak of FT (line) for Co100-xPtx (50 nm), where x = 10, 
28 and 43, in the in-plane polarization geometry. Phase shift was not corrected. 
 
Figure 4.13 shows the FT of data collected at Pt-L3 edge for Co100-xPtx in the 
in-plane polarization geometry for different Pt compositions. The fitting results of the 
in-plane data taken at the Pt-L3 for different samples are tabulated in Table 4.4. The 
possibility of Pt-Pt bonds in the Co90Pt10 was not observed. These results were also 
consistent with the results extracted at Co-K edge, where fraction of Co-Pt bond was 
detected to ~9.4 % indicating that Pt was completely surrounded by Co. The fraction 
of Pt-Pt bond in the Co72Pt28 was in proportion to its global composition. However, 
the fraction of Pt-Pt bonds in Co57Pt43 was larger than that of its global composition. 
Due to the lack of out-of-plane data at the Pt-L3 edge, a direct comparison was not 
possible at the Pt-L3 edge. However, comparison of the in-plane and the out-of-plane 
data at Co-K edge and the in-plane data at Pt-L3 edge suggested that growth induced 
structural anisotropy was detected in the Co90Pt10 and Co57Pt43 films, but absent in the 
Co72Pt28. 
Chapter 4: Growth induced structural anisotropy and strain analysis in CoPt films 
   
 
77
Table 4.4: Fitted results (with phase shift correction) of the first peak of Fourier 
transforms at Pt-L3 edge in the in-plane polarization geometry for Co100-xPtx. The 
value of was fixed to 0.88, which was calculated from Pt foil data measured in 
transmission mode. N, R, and σ2 represent the coordination number, radial 
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4.2.4.5.2 Strain analysis in Co100-xPtx films 
In order to investigate the strain induced in CoPt film, Co nearest neighbor 
distance in the in-plane and out-of-plane polarization geometries were analyzed. 
Table 4.2 illustrated that the Co-Co and Co-Pt neighbors distance were approximately 
the same for the in-plane and out-of-plane polarization geometries for Co72Pt28. It 
ruled out the existence of strain in the Co72Pt28 film. However, the Co-Co and Co-Pt 
nearest neighbor distance in the in-plane were significantly larger than that of the out-
of-plane for Co90Pt10, indicating that film was tensile strained in the film plane and 
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compressed along the film normal direction. Large Co-Pt distance in the film plane 
compared to the out-of-plane direction was attributed to the tensile strain induced by 
the Ru underlayer, while the large Co-Co distance could be associated to the 
combined effects of strain induced by Ru and lattice distortion induced due to more Pt 
in the film plane. In Co57Pt43, the Co-Pt distance was the same in both polarization 
geometries indicating that large lattice parameter ‘a’ of Ru did not significantly 
contribute to the tensile strain in the film plane. Assume the hcp structure of Co57Pt43, 
the lattice parameter ‘a’ was calculated to 2.62 Å, according to Vegard’s law. As a 
result, the lattice mismatch between the Ru underlayer and Co57Pt43 reduced to +3%, 
which could be relaxed over the film thickness as the film could be considered as an 
elastic continuum. The lattice mismatch, ε, was calculated according to the 
relation CoPtCoPtRu aaa /)( −=ε . If Co57Pt43 was an fcc, the same lattice mismatch 
would occur between the Ru (0002) texture plane and CoPt (111) texture plane in the 
film plane. Since EXAFS provides average information of sample, therefore it is 
obvious that the effects of such a small lattice mismatch cannot be observed. 
However, the Co-Co neighbor distance in the in-plane geometry was larger than that 
of the out-of-plane geometry by 0.017 Å. The large Co-Co distance was associated 
with larger Pt in the film plane.  The average interatomic distance for different Pt 
compositions were calculated according to the method established in Appendix A. 
The average interatomic distance in the in-plane polarization geometry was 2.530, 
2.569 and 2.614 Å and that of out-of-plane polarization geometry was 2.513, 2.563 
and 2.601 Å, respectively, for 10, 28 and 43 at.% Pt compositions. Thus in-plane 
tensile strain was observed for Co90Pt10 and Co57Pt43. The in-plane tensile strain could 
hinder the growth of hcp (0002) stacking and favored the growth of fcc (111) along 
the growth direction. As a result, the Co90Pt10 and Co57Pt43 may have a mixture of the 
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fcc and hcp phases. However, the film corresponding to 28 at.% Pt was relaxed and 
dominated by the hcp phase with c/a ratio 1.627 (detail calculation is shown in 
Appendix A). The favored growth of hcp phase assisted to achieve large PMA in the 
Co72Pt28. It was consistent with the XANES and magnetic data.  
 
4.3 Summary 
The Co100 film deposited on Ru (0002) underlayer exhibited the fcc dominant 
phase with Co (111) preferred orientation and showed the in-plane easy axis of 
magnetization. This was attributed to the in-plane tensile strain induced in the Co100 
film due to larger lattice parameter a of Ru than that of the Co. Addition of Pt in Co 
reduced the lattice mismatch with Ru underlayer and improved the magnetic 
properties. The easy axis of magnetization changed from in-plane to the out-of-plane 
for Co72Pt28. It was observed that the Co and Pt showed complete miscibility in the 
range of studied compositions. However, it exhibited growth induced structural 
anisotropy in Co90Pt10 and Co57Pt43, and indicated that Co was surrounded by more Pt 
in the film plane direction compared to the out-of-plane direction. The average 
interatomic distance in the in-plane polarization geometry was larger than that of the 
out-of-plane polarization geometry for the Co90Pt10 and Co57Pt43 films. These results 
supported the in-plane tensile strain. However, in Co72Pt28 film, Pt randomly 
distributed in the Co lattice and average interatomic distance in the in-plane and the 
out-of-plane polarization geometries were approximately the same indicating absence 
of tensile strain in the film plane. The absence of in-plane tensile strain in the Co72Pt28 
favored the growth of (0002) texture. The increased Ku value in the Co72Pt28 film 
could be attributed to improved hcp stacking.  
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Effects of CoPt film thickness on microstructural evolution 
and magnetization reversal mechanism 
 
High thermal stability and large SNR are the critical issues for Co-based alloy 
perpendicular recording media. As discussed in section 1.1.1 that high thermal 
stability is determined by large Ku and/or large magnetic switching volume. 
Magnetization reversal of recording media plays a very significant role in determining 
the SNR and hence the media performance. To achieve large SNR in recording media, 
the grains are supposed to reverse their magnetization coherently. In this case the 
magnetic switching volume is the same as the physical particle volume observed from 
TEM, even the particle may consists of many grains in its volume. Increasing film 
thickness increased the thermal stability factor due to increased magnetic switching 
volume. However, the magnetization reversal mechanism deviated from coherent to 
incoherent behavior and deteriorated the SNR value. 
 Magnetization reversal mechanisms of particles depend on their size105 and 
lateral magnetic interaction between them.106 Particle above a critical size exhibits 
incoherent magnetization reversal. Large lateral magnetic interaction increases the 
effective particle volume and favors the incoherent magnetization reversal. Wu et 
al.107 reported a transition from coherent to incoherent magnetization reversal in CoPt-
oxide media for film thicker than 21 nm. However, Jung et al.106 observed that 
magnetization reversal showed incoherent magnetization reversal caused by domain 
wall motion for thickness less than 6 nm, which deviated toward coherent switching 
and followed the S-W model when thickness increased above 6 nm in CoCrPt-SiO2 
media. The incoherent switching at small thickness was associated with highly 
exchange-coupled initial layer. Despite the study of magnetization reversal 
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mechanism for different thickness, the underlying physical mechanisms are yet to be 
completely understood. Therefore, in this chapter detailed microstructural 
investigation of CoPt film with different film thickness was carried out. Attempts 
were made to correlate the change in magnetization reversal mechanism with 
microstructure of the films. In chapter 3, it was observed that Co72Pt28 film exhibited 
large Ku, as a result, in this chapter Co72Pt28 film was chosen to investigate the 
thickness effects. 
   
5.1 Experimental methods 
 The schematic diagram of layer structure was kept the same as described in 
Fig. 3.2. Pt(2 nm)/Co72Pt28(x nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass (x = 5, 10, 20, 
40 and 80 nm) films were deposited by magnetron sputtering. All the deposition 
parameters were also kept the same as described in section 3.1. 
 
5.2 Results and discussion  
5.2.1 Crystallographic structure 
Figure 5.1 shows the x-ray powder scans of samples with different Co72Pt28 
film thickness. For small thickness of Co72Pt28, the Co72Pt28 (0002) peak could not be 
identified as a separate peak from the Ru (0002). The Ru (0002) peak became more 
asymmetrical towards a higher momentum transfer with increasing Co72Pt28 thickness. 
At the Co72Pt28 thickness of 40 nm and above the Co72Pt28 (0002) peak existed as a 
separate peak corresponding to the momentum transfer of 2.961 Å-1. 
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Figure 5.1: X-ray powder scans of different Co72Pt28 films thickness deposited on 
Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass. 
 
5.2.2 Microstructure  
Figures 5.2(a)-5.2(c) show the bright field plane-view TEM images of films 
with thickness of 10 nm, 20 nm and 80 nm, respectively. It was observed that the 
grains in 10 nm film were strongly connected with each other with average grain 
diameter of 12.0±2.0 nm. The grains in 20 nm film showed more grain isolation 
compared to 10 nm (as observed from the bright contrast of voided boundaries) with 
average grains diameter of 9.0±1.7 nm. With further increase of Co72Pt28 thickness to 
80 nm, the grain diameter further increased. It was observed that ~3-4 small grains 
were agglomerated and formed particle.  Figures 5.3(a) and 5.3(b) show the cross-
section images for 20 nm and 80 nm Co72Pt28 films, respectively. Figure 5.3(a) 
showed that in the initial stage of growth the film was rather continuous, whereas in 
the later stage more pronounced isolated dome-shaped columnar structure was 
observed. It indicated increased grain isolation in the 20 nm film. In Fig. 5.3(b) it was 
observed that after certain thickness, the grains started to grow in the inverted frustum 
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shape (i.e grains diameter started to increase with thickness). Such type of 
microstructural evolution may be understood on the basis of minimization of surface 
energy. The growth of surface with smallest surface energy is always favored 
compared to the other possible crystallographic facet. In hcp CoPt alloy, (0002) face 
has minimum surface energy. In this experiment, it was observed from the x-ray 
powder scans that all films showed (0002) texture with c-axis along the film normal. 
It indicated that Co72Pt28 (0002) plane lied in the film plane. As a result, to minimize 
the surface energy, the column width increased when thickness exceeded a certain 











Figure 5.2: Plane-view bright field TEM images of (a) 10 nm, (b) 20 nm and (c) 








Continuous Co72Pt28 film 






Figure 5.3: Cross-section bright field TEM images of (a) 20 nm and (b) 80 nm 
Co72Pt28 thin films deposited on Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass.  
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5.2.3 Magnetic properties 
5.2.3.1 Hysteresis loops 
 
Figures 5.4(a)-5.4(d) show the in-plane and out-of-plane hysteresis loops of 
selected samples of different Co72Pt28 film thickness. A sudden drop at zero applied 
field was observed in the out-of-plane hysteresis loop for 10 nm Co72Pt28 film in Fig. 
4(a) indicating a two phase system of different magnetic anisotropy. This could be 
attributed to a low anisotropy of Co72Pt28 film in initial layer, since low anisotropy in 
Co-based alloy has been reported in initial layer.108  
 
 









































































































Figure 5.4: In-plane and out-of-plane hysteresis loops of Co72Pt28 of different 
thickness; (a) 10 nm, (b) 20 nm, (c) 40 nm and (d) 80 nm deposited on Ru(30 
nm)/Pt(2 nm)/Ta(5 nm)/glass. 
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The coercivity and squareness were extracted from the hysteresis loops. Figure 5.5(a) 
and Fig. 5.5(b) show the variation of coercivity and squareness with increasing 
Co72Pt28 films thickness, respectively. The  monotonically increased from 0.8 
kOe to 5.5 kOe with increasing the Co72Pt28 film thickness from 5 nm to 20 nm, and 
decreased thereafter to 4.0 kOe when the film thickness increased to 80 nm (Fig. 
5.5(a)). The  did not change significantly with increasing film thickness. The 
thickness dependence of in-plane and out-of-plane squareness (Fig. 5.5(b)) showed 
similar trend with corresponding coercivity. The out-of-plane coercivity and 
squareness were larger than that of corresponding value in the in-plane, indicating that 
perpendicular magnetic anisotropy prevailed in all samples. It is consistent with the 





































Figure 5.5: In-plane (//) and out-of-plane (┴) (a) coercivity and (b) squareness of 
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5.2.3.2 Magnetization reversal mechanism  
The angular dependence of coercivity and remanent coercivity can be used to 
qualitatively analyze the magnetization reversal mechanism. Therefore, in order to 
investigate the magnetization reversal mechanism, the angular dependence coercivity 
and remanent coercivity of all samples of different Co72Pt28 film thickness were 
measured and normalized to the respective coercivity and remanent coercivity at 
, where θ is the angle between the film normal (easy axis) and the applied field 
direction. Figure 5.6(a) shows the normalized coercivity as a function of θ. The 
theoretical curves for the S-W model of a single domain particle defined by equation 
(2.4) and (2.5), and domain wall motion defined by equation (2.6), were also plotted 
for comparison. It was observed that the normalized coercivity of film of 5 nm 
thickness gradually increased with increasing θ to 70°, and suddenly decreased when 
the θ approached 80°. This indicated that magnetization reversal mechanism of this 
film neither followed the S-W model nor the domain wall motion due to the obvious 
lack of agreement between the experimental and the theoretical curves. However, a 
qualitative comparison suggested a closer resemblance to the domain wall motion 
when compared with the S-W model. With increasing the thickness to 20 nm, the 
magnetization reversal of film approached the S-W model, since the normalized 
coercivity reduced significantly with increasing field angle (θ) to the whole range of 
measurement. However, with further increasing thickness above 20 nm, the 
magnetization reversal mechanism deviated from the S-W model. It is well known 
that magnetization reversal by the S-W model was applied to the magnetically non-
interacting grains. Any intergranular magnetic interaction led to a deviation from the 
ideal behavior.  
o0=θ
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Figure 5.6: Angular dependence of (a) normalized coercivity and (b) normalized 
remanent coercivity of different thickness for Co72Pt28 films deposited on Ru(30 
nm)/Pt(2 nm)/Ta(5 nm)/glass. Here θ is the angle between the film normal (easy 
axis) and applied field directions. The S-W model and the domain wall motion 
(DWM) model were plotted for comparison. 
 
 
This indicated that Co72Pt28 film had strongly interacting grains at small thickness (5 
nm) and weakly decoupled grains at intermediate thickness (~20 nm). The magnetic 
interaction was further increased with increasing the thickness above 20 nm. It is 
consistent with the grain isolation observed from the bright field plane-view TEM 
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images shown in Fig. 5.2(c). Figure 5.6(b) shows the normalized remanent coercivity 
as a function of angle (θ) for different Co72Pt28 film thickness with the S-W model 
defined by equation (2.7) and domain wall motion (assuming irreversible 
magnetization) defined by equation )cos(/1)0(/)( θθ =crcr HH . The 5 nm film clearly 
resembled more closely to the reversal behavior of domain wall motion. The curve of 
20 nm film approached towards the S-W model. With further increasing thickness, 
deviation from the S-W model was observed. 
 
5.2.3.3 Magnetic domain 
 
 In order to investigate the effects of intergranular magnetic interaction in 
Co72Pt28 films on magnetic domain size, some representative samples were imaged by 
MFM. Figures 5.7(a)-5.7(c) show the MFM images of AC demagnetized films of 
thickness 5 nm, 20 nm and 80 nm, respectively. The bright and dark contrast 
corresponding to increasing and decreasing vertical gradient of magnetic forces on the 
tip were observed, which represented the domain pattern. Figure 5.7(a) shows the 
network like morphology of domain size >1000 nm, which was attributed to a 
magnetically interacting grains in the initial layer. The network formation of domain 
rendered the domain wall movement easier, consequently magnetization reversal of 
magnetic grains preferred to follow domain wall motion behavior, as was observed in 
angular dependent measurement of Hc and Hcr. The magnetization reversal by domain 
wall motion could be responsible for very small coercivity at small thickness. With 
increasing thickness to 20 nm, the domain size drastically reduced to 250 nm and 
formed dot like pattern. This could be attributed to the isolated grains in the later stage 
of film growth as observed from the plane-view and cross-section TEM images in Fig 
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5.2(b) and Fig. 5.3(a) respectively. The observed domain pattern was consistent with 
the results reported by T. D. Lee et al.109  With further increasing the thickness to 80 
nm, the dot like pattern remained but its size increased to 350 nm (Fig. 5.7(c)). It 
could be associated with further increase in magnetic interaction compared to 20 nm 
thick film due to reduced physical grain isolation as observed from the TEM images 
in Fig. 5.2(c) and Fig. 5.3(b).  
 
 









Figure 5.7: MFM images of (a) 5 nm, (b) 20 nm and (c) 80 nm Co72Pt28 thin films 
deposited on Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass. All samples were AC 
demagnetized before measurement. 
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 The origin of microstructural evolutions with increasing film thickness of 
Co72Pt28 films was investigated and magnetization reversal mechanisms were 
addressed on the basis of microstructure. It was observed that with increasing film 
thickness, the Co72Pt28 film changed from strongly interacting grains at small 
thickness to weakly decoupled grains at intermediate thickness. Due to strong 
interaction in the initial stage, the magnetization reversal followed the domain wall 
motion behavior. With further increasing thickness, the magnetization reversal 
behavior changed towards the S-W model due to magnetically isolated grain in the 
later stage of film growth. In order to minimize the surface energy, the film grew in a 
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Effects of interface roughness of Ta seedlayer on 
magnetocrystalline anisotropy of CoPt thin films 
 
In magnetic recording media, layer engineering approach is used to achieve 
desired properties. In multilayer system, the interface roughness of underlayer plays 
very important role in determining the crystallographic structure of subsequent 
layer.110,111 The magnetic properties of recording layer greatly depend on the structure 
and microstructure of underlayer. For example, in current CoCrPt media Ru/Ta is 
widely used as a underlayer materials, and quality of Ru (0002) texture determines the 
quality and magnetic properties of (0002) texture CoCrPt film.  An extensive study 
has been done to understand the effects of Ru underlayer on the magnetic properties 
of recording layer. However, the effects of Ta seedlayer are yet to be understood. Sen 
et al112 have reported that smoother surface of Ta seedlayer deposited at high 
deposition power increases coercivity, but reason of coercivity enhancement is 
currently not understood. In this chapter, the effects of interface roughness of Ta 
seedlayer on magnetic properties of Co72Pt28 were investigated.  
 
6.1 Experimental methods 
The schematic diagram of layer structure was kept the same as described in 
Fig. 3.2. Pt(2 nm)/Co72Pt28(20 nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass films were 
deposited by magnetron sputtering. The deposition parameters of all layers except Ta 
seedlayer were kept the same as described in section 3.1. The deposition rate of Ta 
was 0.1 nm/sec at the deposition power of 50 W. Three different samples were 
fabricated in which Ta was deposited at 50 W, 100 W and 250 W, keeping all other 
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parameters the same. The samples with pre-coated Ta at 50 W, 100 W and 250 W 
were identified as sample A, B and C, respectively. Ta thickness was fixed at 5 nm. 
When deposition power of Ta was increased, the deposition time was reduced 
according to pre-determined linear relationship between the deposition rate and 
power.  
 
6.2 Results and discussion 
6.2.1 Surface morphology of Ta seedlayer  
To understand the role of Ta seedlayer, the surface morphology of 5 nm Ta 
seedlayer deposited at 50 W, 100 W and 250 W was measured by AFM. The results 
are shown in Figs. 6.1(a)-6.1(c). Root mean square surface roughness (Rrms) of Ta 
deposited at 50 W, 100 W and 250 W were 1.2 nm, 0.8 nm and 0.5 nm, respectively. 
Figure 6.1(a) showed a large density of small islands, which were attributed to the 
high melting point (3020 °C) and large free surface energy of Ta seedlayer compared 
to the underlying glass substrate.113 Increasing deposition power increased the number 
of atoms reaching the substrate. Due to the high melting point of materials, the atoms 
of the deposited islands were unlikely to rearrange themselves by surface diffusion 
due to insufficient time and temperature. Therefore, further incoming atoms preferred 
to fill in the voids between initially deposited islands, resulting in a smoother surface.  
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Figure 6.1: AFM images of Ta(5 nm)/glass. Ta was deposited at (a) 50 W, (b) 100 
W and (c) 250 W. Scans size was 1 μm x 1 μm.  
 
 
6.2.2. Crystallographic structure  
Figure 6.2 shows the x-ray powder scans of sample A, B and C. All samples 
exhibited only one combined peak of Ru (0002) and Co72Pt28 (0002) due to their 
partial overlapping as discussed in section 3.2.1. A knee corresponding to Co72Pt28 
(0002) peak could be seen on the right side of the main peak, which became more and 
more prominent with increasing deposition power indicating improvement in Co72Pt28 
texture quality. The integrated intensity of Ru (0002)+Co72Pt28 (0002) peak increased, 
whereas the Δθ50 decreased from 8.3° to 7.1° (inset of Fig. 6.2), as Ta deposition 
power increased from 50 W to 250 W.   This suggested that increasing deposition 
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power of Ta seedlayer improved the crystallinity as well as the c-axis distribution in 
the Co72Pt28/Ru layers. Due to the partial overlapping of Ru (0002) and Co72Pt28 
(0002) peaks, the effects of Ta seedlayer on either layer could not be distinguished.  
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Figure 6.2: X-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Ru(30 nm)/Pt(2 
nm)/Ta(5 nm)/glass, where Ta was deposited at 50 W (sample A), 100 W (sample 
B) and 250 W (sample C). Inset is the rocking curve of the respective sample. 
 
 
In order to see the effects of Ta deposition power on Ru underlayer, another 
sets of samples Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass were deposited without magnetic 
layer, while keeping all other parameters the same. Figure 6.3 shows the x-ray powder 
scans of samples without magnetic layer. It showed similar trend as observed in Fig. 
6.2. The integrated intensity of the Ru (0002) peak also increased and the Δθ50 
decreased from 7.4° to 6.6° with increasing Ta deposition power from 50 W to 250 
W. The mosaic distribution of samples without magnetic layer was less than that of 
corresponding samples with the magnetic layer. This was attributed to the lack of 
overlapping of the Ru (0002) and Co72Pt28 (0002) peaks, as the Co72Pt28 peak also 
contributed to the peak broadening. The XRD data showed that the deposition power 
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of Ta seedlayer significantly improved the crystallinity and c-axis distribution for the 
Co72Pt28/Ru and Ru layers. 
 
                       


























Figure 6.3: X-ray powder scans of Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, where Ta 




6.2.3 Magnetic properties 
6.2.3.1 Coercivity 
Figures 6.4(a)-6.4(c) show the in-plane and out-of-plane hysteresis loops of 
samples A, B and C, respectively. It showed that all samples exhibited perpendicular 
anisotropy, and the out-of-plane coercivity, , increased with increasing the 
deposition power of Ta seedlayer, whereas the in-plane coercivity, , showed an 
opposite trend. As the deposition power of Ta seedlayer increased from 50 W to 250 
W, increased from 4.4 kOe to 5.5 kOe, but decreased from 1.2 kOe to 0.8 
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from 1.2 kOe to 2.8 kOe with increasing deposition power of the Ta seedlayer from 
50 W to 250 W. The increased coercivity could be attributed to either a different 
magnetization reversal mechanism or increased Ku value, or due to their combined 
effect. 
 











































Figure 6.4: In-plane and out-of-plane hysteresis loops of Pt(2 nm)/Co72Pt28(20 
nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, where Ta was deposited at  (a) 50 W 
(sample A), (b) 100 W (sample B) and (c) 250 W (sample C).  
 
6.2.3.2 Magnetization reversal mechanism 
It is well accepted that coercivity of hard magnetic materials is an extrinsic 
property and mainly determined by magnetization reversal behavior and magnetic 
crystal anisotropy. In order to investigate the switching behavior, the angle-dependent 
coercivity was measured. Figure 6.5 shows the angular dependence of 
)0(/)( cc HH θ (where is the coercivity for ) as a function of applied 
magnetic field angle θ with respect to the film normal for samples A, B and C. The 
ideal S-W model and the domain wall motion model were also plotted for 
)0(cH
°= 0θ
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comparison. The measured values of )0(/)( cc HH θ of the samples A, B and C 
showed deviation from both the S-W model as well as the domain wall motion model. 
However, our results showed that the switching behavior approached the S-W model 
when compared with the domain wall motion model. Comparison among the three 
samples indicated that the film grown on Ta pre-coated at 250W (sample C) showed a 
greater degree of magnetic interaction, as it deviated the most from the ideal S-W 
model. 
 
     












Sample A, Ta - 50W
 Sample B, Ta - 100W
 Sample C
DWM
, Ta - 250W
S-W
 
Figure 6.5: Angle dependent normalized coercivity of Pt(2 nm)/Co72Pt28(20 
nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, where Ta was deposited at  50 W 
(sample A), 100 W (sample B) and 250 W (sample C). The S-W model and the 
domain wall motion (DWM) model were plotted for comparison.  
 
The results were consistent with the results of shearing 
parameter, )()/(4 ⊥== HcHdHdMπα , which  is a measure of inter-granular magnetic 
interaction, and unity for completely non-interacting grains. The shearing parameter 
was 3.3, 3.6 and 3.9 for samples A, B and C respectively. Ideally, the perpendicular 
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coercivity of sample C should be less than that of sample A because of cooperative 
switching due to large inter-granular exchange interaction in sample C. However, the 
coercivity of sample C was larger than that of sample A, which was contrary to the 
common assumption. This revealed that the high coercivity of sample C could be 
attributed to a large magnetic anisotropy of magnetic film, since coercivity, 
, where, Ku is the magnetocrystalline anisotropy and Ms is the 
saturation magnetization of the magnetic layer. 
suc MKH /2∝
        
6.2.3.3 Magnetocrystalline anisotropy  
In the previous section it was analyzed that the increased coercivity with 
increasing the Ta deposition power was not ascribed to different magnetization 
reversal mechanism. In order to investigate the effects of seedlayer on the 
magnetocrystalline anisotropy, the magnetocrystalline anisotropy was measured with 
the torque magnetometer in applied fields of 12 kOe. However, the applied field was 
less than the anisotropy field, Hk (the field corresponding to the intersection point of 
in-plane and out-of-plane hysteresis loops). Due to insufficient field, the 
magnetization direction was not aligned along the field direction. As a result, clock-
wise (CW) and counter clock-wise (CCW) torque curves were not superimposed in 
Fig 6.6 for sample C. In order to extract the information about magnetic anisotropy, 
the torque curves were first corrected and then Fourier analyzed. Figure 6.7 shows the 
experimental and corrected CCW curves of sample C. The total anisotropy, Ku, (first 
order anisotropy constant (K,1) plus second order anisotropy constant (K2)) was 
determined according to following relation described in section 2.3.3.1.  
                                        (5.1) 2)( 2 seffuu MKK π+=
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Applied field 12 kOe
  
Figure 6.6: Torque curve of sample C in the applied field of 12 kOe. Solid symbol 
(●) and open circle (○) show clock-wise (CW) and counter clock-wise (CCW) 




                        






















                         
Figure 6.7: Experimental CCW curve and corrected CCW curve, of sample C in 
the applied field of 12 kOe, 
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Figure 6.8: Variation of magnetocrystalline anisotropy, Ku, of Pt(2 
nm)/Co72Pt28(20 nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, and root mean square 
surface roughness (Rrms) of Ta seedlayer versus Ta deposition power.  
 
 
The self-energy due to the demagnetization was assumed to be same in all samples 
because no significant difference was observed in the saturation magnetization 
(determined from the out-of-plane hysteresis loops) and the grain size of samples A, B 
and C. Figure 6.8 shows the plot of the perpendicular magnetocrystalline anisotropy 
and the surface roughness versus deposition power of Ta seedlayer. The perpendicular 
magnetocrystalline anisotropy increased from 6.5 x 106 erg/cc to 8.6 x 106 erg/cc, and 
the surface roughness of Ta seedlayer decreased from 1.2 nm to 0.5 nm, as deposition 
power of Ta seedlayer increased from 50 W to 250 W. This indicated that magnetic 
anisotropy and Ta surface roughness had inverse relationship with increasing Ta 
deposition power. The magnetic anisotropy showed 32% enhancement with reducing 
the surface roughness of Ta from 1.2 nm to 0.5 nm in this study. The increased 
magnetocrystalline anisotropy was attributed to improved quality of the hcp Co72Pt28 
(0002) texture114 with reducing the Ta interface roughness. Assuming the cylindrical 
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grains of height of 20nm, and magnetic anisotropy 8.6x106 erg/cc, the thermally 
stable grain can be achieved down to 4.5 nm, which is sufficient to support the areal 
density of 1 Tbit/in2.  
 
6.3 Summary 
The effects of interface roughness of Ta seedlayer on the structural and 
magnetic properties of Co72Pt28 films were investigated. The increased uniaxial 
perpendicular magnetocrystalline anisotropy (8.6x106 erg/cc), (5.5 kOe) and 
nucleation field (-2.8 kOe) in the Co72Pt28 film sputter-deposited on relatively smooth 
surface of Ta seedlayer were achieved. This was attributed to improved quality of the 
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Effects of Ru underlayer on microstructure and magnetic 
properties of CoPt thin films  
 
 The key requirements of perpendicular recording media for Co-based alloy are 
growth of (0002) texture to have the easy axis of magnetization along the film normal 
direction, and small and magnetically isolated grains to achieve large SNR. The 
texture of magnetic layer in recording media is controlled by texture of suitable 
underlayer materials. For example, Cr (110) and Cr (200) underlayers induce  
and  textures, respectively, in the Co-based media to align c-axis in the film 
plane or close to the film plane for longitudinal  magnetic recording.9-12 Though Cr 
(110) has the lowest surface energy, the growth of Cr (110) and Cr (200) textures 
depend on deposition parameters.115 Currently, Ru is used as an underlayer in granular 
hcp CoCrPt-oxide perpendicular recording media,116-118 since Ru and CoCrPt both are 
the hcp and lattice mismatch between the Ru (0002) and CoCrPt (0002) textured films 
is less than 8%. Therefore, the Ru (0002) texture can easily induce (0002) texture in 
CoCrPt. Oikawa et al.119 have investigated the effects of Ru thickness on mosaic 






To achieve large SNR, the traditional method of controlling the grain size and 
intergranular exchange interaction is based on the Thornton diagram, wherein the 
growth of thin films favors columnar grains with voided region between grains under 
high Ar pressure and low temperature.66 Park et al.63,120 had attempted to optimize the 
deposition pressure and temperature of Ru underlayer. They reported that Ru 
developed  peak120 when deposited at high temperature and increased mosaic )0110(
−
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distribution when deposited at high deposition pressure,63 which were undesirable for 
perpendicular magnetic recording. The grain size and intergranular exchange 
interaction in current CoCrPt-SiO2 recording media is controlled by manipulating the 
SiO2 compositions and/or adding the oxygen with Ar during the deposition of 
recording layer as an alternative of Thornton diagram approach. Higher percentage of 
SiO2 reduces both the grain size (5-6 nm) and Ku value.60,62 The reduced value of Ku 
shows adverse impact on increasing areal density. Zheng et al.61 have investigated the 
effects of oxygen incorporation and reported that addition of oxygen improved the 
SNR. However, entrapped oxygen ions inside the grain deteriorate the magnetic 
properties. Dual-layer structure of Ru, in which bottom layer of Ru (Rub) was 
deposited at low Ar pressure to develop (0002) texture, and top layer Ru (Rut) 
deposited at high Ar pressure to reduce the grain size and intergranular exchange 
interaction, was developed.63 Piramanayagam el al.65 successfully achieved the grain 
size down to 5.5 nm using synthetic nucleation layer between the top and bottom Ru 
layers. However, the search of nucleation layer was largely based on trial-and-error. 
The performance of a dual-layer structure depends on relative thickness of Rut and 
Rub, and deposition pressure of Rut layer. Park et al.63 reported that increasing 
deposition pressure of Rut increased the coercivity due to reduced intergranular 
exchange interaction.  
 Although the effects of Ru underlayer on microstructural and magnetic 
properties of CoCrPt-oxide media have been investigated, its effects on CoPt are yet 
to be understood. As a result, this chapter focused on investigation of the effects of 
thickness, deposition pressure and dual-layer structure of Ru underlayer on the 
crystallographic and microstructural evolution, and magnetic properties of Co72Pt28.   
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7.1 Experimental methods 
The schematic diagram of layer structure was kept the same as described in 
Fig. 3.2. The deposition parameters were also the same as discussed in section 3.1, 
except for the Ru underlayer. To investigate the effects of thickness, deposition 
pressure and dual-layer structures of Ru on microstructure and magnetic properties of 
Co72Pt28, three sets of samples were fabricated by magnetron sputtering in Ar.  
• In the first set, Pt(2 nm)/Co72Pt28 (20 nm)/Ru(x nm)/Pt(2 nm)/Ta(5 nm)/glass 
(where x = 0, 10, 20, 30, 50 and 70 nm) films were deposited to study the 
effects of thickness of Ru underlayer. The deposition pressure of Ru was 0.5 
mTorr.  
• In the second set, the thickness of Ru was fixed at 30 nm and deposition 
pressure was varied from 0.5, 5, 10 to 20 mTorr. All other parameters were 
kept the same as in the first set of sample. 
• In the third set, the Ru underlayer was deposited in two steps. In the first step, 
20 nm Ru (Rub) was deposited at 0.5 mTorr Ar pressure. In the second step, 5, 
10, 15 and 20 nm Ru (Rut) were deposited at 10 mTorr Ar pressure, keeping 
all other parameters the same as set one. 
In Chapter 3, it was found that due to partial overlapping, the Ru (0002) and 
Co72Pt28 (0002) peaks could not be resolved for 20 nm Co72Pt28. In order to investigate 
the effects of different parameters on Ru underlayer as mentioned from set one to set 
three, additional samples were fabricated without Co72Pt28 magnetic layer for 
structural characterization of Ru underlayer. 
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7.2 Results and discussion 
7.2.1 Effects of Ru thickness  
7.2.1.1 Crystallographic structure 
Figure 7.1 shows the x-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Ru(x 
nm)/Pt(2 nm)/Ta(5 nm)/glass, where 0 ≤ x ≤ 70 nm. A single peak combining Ru 
(0002) and Co72Pt28 (0002) was appeared. In the absence of Ru underlayer, a small 
Co72Pt28 (0002) peak was detected (Figure 7.2 shows enlarged view of this sample). 
Rocking curve of such peak was almost flat. It indicated that Ru underlayer was 
necessary to develop (0002) texture in Co72Pt28 film. The integrated intensity of 
combined peak increased with increasing Ru thickness. At 30 nm Ru, a knee 
corresponding to Co72Pt28 appeared on the right side of the peak, consistent with Fig. 
3.3. The knee at 10 nm and 20 nm Ru was not significant. It could be due to a poor Ru 
texture. The texture quality of Co72Pt28 was determined by the texture quality of Ru 
underlayer, hence a poor Ru texture could deteriorate the texture quality of Co72Pt28 
resulting of reduced intensity. However, at 50 nm and 70 nm Ru, the disappearance of 
knee could be attributed to the large intensity of Ru (0002) peak compared to the 
corresponding Co72Pt28 peak due to large Ru thickness. 
In order to investigate the effects of Ru thickness on its crystallinity and 
mosaic distribution, separate sets of samples were prepared without magnetic layer 
keeping all other parameters the same. Figure 7.3 shows the x-ray powder scans of 
different thickness of Ru underlayer. All Ru films showed only (0002) preferred 
orientation irrespective of the Ru thickness.  Figure 7.4 shows the Δθ50 and 
normalized integrated intensity of the Ru (0002) peak determined from the rocking 
curve measurement for different Ru thickness without magnetic layer. The integrated 
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intensity of different thickness was normalized using the data of 10 nm thick Ru film. 
The normalized integrated intensity was calculated according to the 
formula, )]/10)(/[( 10 xIII xnorm = , where Ix and I10 are the integrated intensity of x 
nm and 10 nm Ru films, respectively. 
 
             

















Figure 7.1: X-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Ru(x nm)/Pt(2 
nm)/Ta(5 nm)/glass, where x = 0, 10, 20, 30, 50 and 70 nm. 
 
 
                         












Figure 7.2: X-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Pt(2 nm)/Ta(5 
nm)/glass.  
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Figure 7.3: X-ray powder scans of Ru(x nm)/Pt(2 nm)/Ta(5 nm)/glass, where x = 
10, 20, 30, 50 and 70 nm. 
 
 
               






































Figure 7.4: The Δθ50 and normalized integrated intensity of Ru (0002) peak 
(measured from the rocking curve) as a function of Ru underlayer thickness 
deposited on Pt(2 nm)/Ta(5 nm)/glass. 
 
This showed that the Δθ50 monotonically decreased from 8.7° to 5.8° and normalized 
integrated intensity increased by 1.75 times with increasing Ru thickness from 10 nm 
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to 70 nm. This indicated that increasing Ru thickness improved the crystallinity and 
mosaic distribution in Ru film. This suggested that disappearance of the knee 
corresponding to Co72Pt28 (0002) at 10 nm and 20 nm Ru was associated with a poor 
Ru texture, whereas at 50 nm and 70 nm due to large intensity of Ru, as observed 
from Fig. 7.1.  
 
7.2.1.2 Microstructure 
Figures 7.5(a)-7.5(c) show the plane-view bright field TEM images of 20 nm 
Co72Pt28 film deposited on 10 nm, 30 nm and 70 nm Ru, respectively. It showed that 
the grain size of Co72Pt28 film deposited on 30 nm Ru was smaller and isolated by 
more voided boundaries (bright regions in the TEM images) compared to that 









Figure 7.5: Plane-view TEM images of Co72Pt28(20 nm) deposited on different Ru 




7.2.1.3 Magnetic properties 
Figures 7.6(a)-7.6(d) show the hysteresis loops of selected samples of Co72Pt28 
film deposited on different Ru underlayer thickness. Figure 7.6(a) indicated that the 
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Co72Pt28 film showed in-plane easy axis of magnetization and small coercivity in the 
absence of Ru, which was undesirable for perpendicular magnetic recording. It was 
attributed to the absence of good (0002) texture in the Co72Pt28 film, as observed from 
the XRD data in Fig. 7.1. The easy axis of magnetization of Co72Pt28 films changed 
from the in-plane to out-of-plane direction with the presence of 10 nm Ru. Variations 
of ,  and  as a function of Ru thickness are shown in Fig. 7.7. It showed 
that the slightly increased with increasing the Ru thickness, while increased 
drastically to 5.5 kOe with increasing Ru thickness to 30 nm, and reduced a plateau 
thereafter.  also increased with increasing the Ru thickness to 30 nm and decreased 
slightly with further increase of Ru thickness. The increase of and of the 
Co72Pt28 films with the Ru thickness were attributed to a reduced mosaic distribution 
and improved crystallinity in the Ru underlayer. However, above 30 nm, the mosaic 
distribution and crystallinity improved, but  reached a plateau and  was 
slightly deteriorated with increasing the Ru thickness above 30 nm. This behavior 
could be associated with reduced grain isolation in the Co72Pt28 film deposited on Ru 
underlayer thicker than 30 nm, as observed from the plane-view TEM image in Fig. 
7.5(c) deposited on 50 nm Ru. The reduced grain isolation could influence the 
neighbor grains for early switching resulting in reduced value of . This indicated 
















Chapter 7: Effects of Ru underlayer on microstructure and magnetic properties of 
CoPt thin films  
   
 
110
        








































































































   
Figure 7.6: In-plane and out-of-plane hysteresis loops of Co72Pt28 (20 nm) film 
deposited on different Ru underlayer thickness of (a) 0 nm, (b) 10 nm, (c) 50 nm 
and (d) 70 nm. 
 
 
                      





























Figure 7.7: Variation of in-plane coercivity , out-of-plane coercivity  
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7.2.2 Effects of deposition pressure of Ru underlayer  
7.2.2.1 Crystallographic structure 
In order to understand the role of Ar pressure during the Ru deposition, the x-
ray powder scans of Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass were performed where Ru 
was deposited at 0.5, 5, 10 and 20 mTorr Ar pressure. The results are shown in Fig. 
7.8. At 0.5 mTorr, only Ru (0002) peak was observed. With increasing the Ru 
deposition pressure to 5 mTorr, the absolute intensity of Ru (0002) peak decreased 
abruptly, but the (0002) texture remained. However, when the deposition pressure 
further increased to 10 mTorr and 20 mTorr, an additional Ru  and Ru  
peaks appeared, and the absolute intensities of these peaks were larger than that of the 
Ru (0002) peak. This indicated that increasing Ar pressure perturbed the Ru (0002) 
texture. Figure 7.9 illustrates the XRD spectra of 20 nm Co72Pt28 film deposited on 






                    

































Figure 7.8: X-ray powder scans of Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, where Ru 
was deposited at 0.5,  5, 10 and 20 mTorr Ar pressure.  
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Figure 7.9: X-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Ru(30 nm)/Pt(2 
nm)/Ta(5 nm)/glass, where Ru was deposited at 0.5, 5 10 and 20 mTorr Ar 
pressure. 
 
Similar trends as Fig 7.8 were also observed for the film with magnetic layer. This 
indicated that magnetic layer followed the registry of Ru underlayer. The evolution of 
Ru and Ru  peaks with increasing Ar pressure can be understood based 
on the influence of Ar pressure on the kinetic energy of Ru adatoms. The average 
kinetic energy of adatoms decreases with increasing Ar pressure due to collision 
between the sputtered atoms and the Ar atoms. As a result, at low Ar pressure, the 
kinetic energy of Ru adatoms should be high enough, and hence the lateral mobility 
would be large. Therefore, the Ru adatoms arriving at the substrate surface rearrange 
themselves and form a continuous film of lowest surface energy plane. Ru (0002) has 
lowest surface energy hence it is favorably grown at low Ar pressure. However, with 
increasing the Ar pressure, the kinetic energy of Ru adatoms decreases. The adatoms 
do not have sufficient energy to rearrange themselves to a favorable structure and 
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the sides of facted island was larger than that of the top surface. As a result, in order 
to minimize total surface energy, Ru (0002) facet was developed laterally, and the 
next lower surface energy planes such as  and was developed 
perpendicularly. This was consistent with the model proposed by Feng et al.115 for the 
evolution of different crystallographic texture of Cr films. Figure 7.8 showed that 
along with Ru  and  peaks, small (0002) peak detected at 10 mTorr and 
above Ar pressure. This could be attributed to the impingement of some islands before 
they acquired equilibrium faceted shape. Due to impingement, the area of top surface 



















Figure 7.10: Schematic diagram of evolution of different crystallographic facets 





Figures 7.11(a)-7.11(c) show the bright field plane-view TEM images of 
Co72Pt28 film deposited on Ru underlayer grown at 0.5 mTorr, 5 mTorr and 10 mTorr 
Ar pressure, respectively. The average column width (grain diameter) decreased from 
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9.0±1.7 nm to 7.2±1.3 nm as Ar pressure increased from 0.5 mTorr to 5 mTorr. In 
addition to reduced grain diameter and grain size distribution, grain isolation also 
increased. However, the grain diameter further increased to approximately 15 nm at 









Figure 7.11: Bright field plane-view TEM images of Co72Pt28 film deposited on 
Ru underlayer grown at (a) 0.5 mTorr, (b) 5mTorr and (c) 10 mTorr. 
 
7.2.2.3 Magnetic properties 
Figures 7.12(a)-7.12(d) show the in-plane and out-of-plane hysteresis loops of 
Pt(2 nm)/Co72Pt28(20 nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass films, where Ru was 
deposited at 0.5, 5, 10 and 20 mTorr Ar pressure, respectively. With increasing the 
deposition pressure of Ru underlayer from 0.5 mTorr to 5 mTorr,  increased 
from 5.5 kOe to 6.5 kOe and increased from 1.0 kOe to 1.8 kOe. Perpendicular 
magnetic anisotropy was retained in this range of sputtering pressure. The shearing 
parameter of Co72Pt28 film was 2.5, when Ru was deposited at 0.5 mTorr Ar. It 
decreased to 2.2 as Ru deposition pressure increased to 5 mTorr. The reduced 
shearing parameter indicated the lateral exchange coupling decreased with the 
increase of the sputtering pressure.  
⊥cH
//cH
Chapter 7: Effects of Ru underlayer on microstructure and magnetic properties of 
CoPt thin films  









































































































Figure 7.12: In-plane and out-of-plane hysteresis loops of Pt(2 nm)/Co72Pt28(20 
nm)/Ru(30 nm)/Pt(2 nm)/Ta(5 nm)/glass, where Ru was deposited at (a) 0.5 
























Figure 7.13: Schematic diagram of (a) , (b)  and (c)  planes 
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The reduced shearing parameter was consistent with plane-view TEM images (Fig. 
7.11). Grains in Fig. 7.11(a) where Ru was deposited at 0.5 mTorr Ar appeared less 
isolated than that where Ru was deposited at 5 mTorr Ar (Fig. 7.11(b)). This showed 
that the increased coercivity of Co72Pt28 may be attributed to a reduced exchange 
coupling between magnetic grains when Ru underlayer was deposited at 5 mTorr. 
With further increasing the deposition pressure to 10 mTorr and 20 mTorr,  
reduced to 3.6 kOe and 2.8 kOe, respectively, whereas  increased to 5.5 kOe and 
5.1 kOe, respectively. The easy axis of magnetization changed from the out-of-plane 
direction to the in-plane direction in this pressure range. The change in easy axis of 
magnetization was associated with emergence of different crystallographic structure 
at a large Ar pressure. The XRD results (Fig. 7.9) showed that the intensity of (0002) 
peak was drastically reduced, whereas additional and peak appeared 
for Ru and Co72Pt28 at 10 mTorr and 20 mTorr Ar. The evolution of and 
 peaks in the x-ray powder scans indicated that these planes were grown in the 
film plane. In the x-ray powder scan, the planes parallel to the film surface contribute 
to the diffraction peak. Figure 7.13 shows a schematic diagram of the (0002), (  
and crystallographic planes of hcp structure. It indicates that when a (0002) 
plane is in the film plane, the c-axis lies along the film normal. However, when 
 and  planes are in the film plane, the c-axis lies in the film plane and 
close to the film plane (at 29º from the film plane), respectively. This indicated that 
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emergence of  and  planes in the film plane. This analysis suggested 
that the Ru deposition pressure largely influenced the evolution of crystallographic 






7.2.3 Effects of Ru top layer thickness in dual-layer structure of Ru 
underlayer 
 
Figure 7.14 shows layers structure with Ru dual-layer underlayer. The Rub (20 
nm) and Rut (10 nm) layers were deposited at 0.5 mTorr and 10 mTorr Ar, 
respectively. The thickness and deposition parameters of other layers were kept the 
same as described in section 3.1. 
 










Figure 7.14: Schematic diagram of layers structure with dual-layer Ru 
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7.2.3.1 Crystallographic structure 
 
X-ray powder scans of Rut(x nm)(x = 0, 5, 10, 15 and 20) /Rub(20 nm)/Pt(2 
nm)/Ta(5 nm)/glass are shown in Fig. 7.15. It showed that with increasing the Rut 
layer thickness, the intensity of Ru (0002) peak slightly increased up to 10 nm and 
decreased with further increasing above 10 nm. The variation of Δθ50 with Rut 
thickness, deduced from the rocking curve, is shown in the inset of Fig. 7.15. It 
showed that Δθ50 monotonically increased with increasing Rut thickness indicating 
increased mosaic distribution. The deterioration in intensity with increasing the Rut 
layer thickness was attributed to increased mosaic distribution.121 This demonstrated 
that increasing Rut thickness did not contribute significantly to improve its 
crystallinity but noticeably deteriorated mosaic distribution. Figure 7.16 shows the x-
ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Rut(x nm)(x = 0, 5, 10, 15 and 20 nm) 
/Rub(20 nm)/Pt(2 nm)/Ta(5 nm)/glass. It also showed that combined Ru (0002) and 
Co72Pt28 (0002) peaks exhibited similar behavior as observed in Fig. 7.15. 
 
             





























Figure 7.15: X-ray powder scans of Rut(x nm) (x = 0, 5, 10, 15 and)/Rub(20 
nm)/Pt(2 nm)/Ta(5 nm)/glass. Inset shows Δθ50 with increasing Rut thickness. 
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Figure 7.16: X-ray powder scans of Pt(2 nm)/Co72Pt28(20 nm)/Rut(x nm) (x = 0, 5, 
10, 15 and 20)/Rub(20 nm)/Pt(2 nm)/Ta(5 nm)/glass.  
 
   
 
7.2.3.2 Microstructure  
 
         Figures 7.17(a), 7.17(c) and 7.17(e) show the bright field plane-view TEM 
images, and Figs. 7.17(b), 7.17(d) and 7.17(f) bright field cross-section TEM images 
for Co72Pt28 film deposited on 5 nm, 10 nm and 20 nm Rut thickness, respectively. 
The average columnar width of Co72Pt28 for Rut thickness of 5 nm, 10 nm and 20 nm, 
were 7.9±1.2 nm, 7.0±1.1nm and 11.8±1.7 nm, respectively, as determined from the 
plane-view TEM images. It indicated that grain size initially decreased with 
increasing the Rut thickness, and increased above certain critical thickness. A 
comparative study of plane-view TEM images illustrated that a maximum voided area 
(bright contrast) was observed for Fig. 7.17(c) indicating that the grain isolation was 
least for the Co72Pt28 film deposited on 10 nm Rut thickness as compared to the film 
on 5 nm and 20 nm Rut thickness.  
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Figure 7.17: Plane-view [(a), (c) and (e)] and cross-section [(b), (d) and (f)] bright 
field TEM images of Co72Pt28 (20 nm) deposited on dual-layer Ru for Rut layer 
thickness 5 nm, 10 nm and 20 nm, respectively. 
 
Similar behavior was also observed from cross-section images. The grain size of film 
deposited at 20 nm Rut was larger than that deposited at 5 nm and 10 nm Rut. Figure 
7.17(f) showed that the column width of Co72Pt28 increased with increasing thickness 
and acquired inverted frustum shape resulting in decreased grain isolation. The 
increased column width in the upper part could be attributed to a large grain size as 
appeared in the plane-view TEM image in Fig. 7.17(e). The evolution of such type of 
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microstructure can be understood on the basis of energy minimization. The x-ray 
powder scans results in Fig. 7.16 indicated that Co72Pt28 (0002) hetero-epitaxially 
grown on the Ru (0002), indicating (0002) plane lied in the film plane. Since, (0002) 
plane in the hcp Co72Pt28 film corresponds to a lowest surface energy plane. As a 
result, with increasing thickness, Co72Pt28 column diameter could increase in order to 
increase the surface area of (0002) plane to minimize the surface energy resulting in 
decreased grain isolation in the later stage of film growth. This phenomenon was 
discussed in detail in section 5.2.2. 
 
7.2.3.3 Magnetic properties 
Figures 7.18(a)-7.18(d) show the in-plane and out-of-plane hysteresis loops 
for Co72Pt28, film deposited on dual-layer Ru underlayer for Rut thickness of 5 nm, 10 
nm, 15 nm and 20 nm, respectively. Figure 7.19 shows the variation of , and 
shearing parameter (α) as a function of Rut thickness, which were deduced from 
hysteresis loops. It showed that increasing the Rut thickness from 5 nm to 20 nm, 
 and  increased monotonically from 0.6 kOe to 1.8 kOe and 5 kOe to 7.2 
kOe, respectively. The out-of-plane squareness remained close to unity in all samples. 
The shearing parameter decreased significantly with increasing Rut thickness to 15 
nm indicating reduced intergranular magnetic interaction. However, with further 
increasing the Rut layer thickness to 20 nm, shearing parameter slightly increased 
resulting in increased intergranular magnetic interaction.  
//cH ⊥cH
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Figure 7.18: In-plane and out-of-plane hysteresis loops of Pt(2 nm)/Co72Pt28(20 
nm)/Rut(x-nm)/Rub(20 nm)/Pt(2 nm)/Ta(5 nm)/glass, where x = (a)  5 nm, (b) 10 
nm, (c) 15 nm and (d) 20 nm. 
 
 
              

























Figure 7.19: Variation of in-plane coercivity and out-of-plane coercivity, and 
shearing parameter (α) with Rut thickness in Pt(2 nm)/Co72Pt28(20 nm)/Rut(x-
nm)/Rub(20 nm)/Pt(2 nm)/Ta(5 nm)/glass, where 0 ≤ x ≤ 20. 
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Increased shearing parameter for 20 nm Rut was consistent with a reduced grain 
isolation as observed from the plane-view and cross-section TEM images in Fig. 
7.17(e) and 7.17(f), respectively. Despite the reduced crystallinity and increased 
mosaic distribution with increasing Rut thickness as observed from the XRD, and 
 increased. In order to explain increased coercivity with Rut thickness, a 
correlation between coercivity and intergranular exchange interaction was made. It 
indicated that increased coercivity was attributed to reduced intergranular magnetic 
interaction up to 15 nm Rut thickness. However, coercivity increased at 20 nm Rut 
thickness despite the increased intergranular exchange interaction. It is well known 
that coercivity is an extrinsic property that depends on intergranular exchange 
interaction, different magnetization reversal mechanism and magnetocrystalline 
anisotropy of material. In order to investigate the magnetization reversal mechanism, 
initial magnetization curves of all samples were measured. All samples were AC 
demagnetized before measurement. Figure 7.20 shows the normalized initial 
magnetization curves. The field axis was normalized with respective coercivity to 
exclude the effects of magnetocrystalline anisotropy. It showed that the shape of 
initial magnetization curves of all samples were convex towards the field axis. In all 
curves, the increase in magnetization with magnetic field was initially slow and 
increased abruptly above critical field, indicating that magnetization was reversed by 
coherent rotation. In order to further investigate the cause of increased coercivity for 
20 nm Rut, magnetic anisotropy for different samples were measured from the 
difference in area between the in-plane and out-of-plane hysteresis loops as discussed 
in section 2.3.3.2. It was observed that magnetic anisotropy marginally increased by 
11% with increasing the Rut layer thickness from 5 to 20 nm. This indicated that 
⊥cH
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increased coercivity could be attributed to a increased magnetic anisotropy for 20 nm 
Rut thickness. 
          




 Rut 0 nm
 Rut 5 nm
 Rut 10 nm
 Rut 15 nm














Happlied / Hc  
Figure 7.20: Initial magnetization curve of Pt(2 nm)/Co72Pt28(20 nm)/Rut(x-
nm)/Rub(20 nm)/Pt(2 nm)/Ta(5 nm)/glass, where 0 ≤ x ≤ 20. 
 
Table 7.1: Qualitative comparison of microstructure and magnetic properties of 
three samples of Co72Pt28, where 30 nm Ru was deposited at 0.5 mTorr (single 
layer, low pressure), 10 mTorr (single layer, high pressure) and Rut( 10 nm at 10 
mTorr)/Rub(20 nm at 0.5 mTorr) (dual-layer).  
 





FWHM Small Large Medium 
Texture (0002) No texture (0002) 
Grain size Medium Large Small 
Magnetic interaction Medium Large Small 
Easy axis Out-of-plane In-plane Out-of-plane 
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The effects of Ru underlayer on microstructure and magnetic properties of 
Co72Pt28 film were investigated. Both the microstructure and magnetic properties of 
Co72Pt28 film depended on the Ru thickness. It was observed that the grain size, 
crystallographic texture and easy axis of Co72Pt28 films deposited on Ru underlayer 
could be controlled by deposition pressure of Ru underlayer. A comparative study of 
microstructure and magnetic properties of Co72Pt28 film deposited on single layer 
(deposited at low and high Ar pressure) and dual-layer Ru underlayer were 
summarized in Table 1. A single Ru layer deposited at high Ar pressure was not 
effective for perpendicular magnetic recording, since it destroyed the (0002) texture 
of the Ru and Co72Pt28, exhibited large mosaic distribution, grain size, intergranular 
magnetic interaction, and in-plane easy axis of magnetization. A single layer of Ru, 
deposited at low Ar pressure, had a small mosaic distribution of (0002) reflection 
compared to the dual-layer structure. Despite large mosaic distribution of Ru dual-
layer compared to the Ru single layer deposited at low Ar pressure, the dual-layer 
structure exhibited some advantage over the single layer, such as small grain size and 
reduced intergranular magnetic interaction. The coercivity of Co72Pt28 increased with 
increasing the Rut thickness due to reduced intergranular exchange interactions and 
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Conclusion and Future Work  
 
The primary objective of this thesis was to fabricate the media material with 
high Ku and small grain size. This chapter had summarized the work presented in this 
thesis, highlighting the main results. The future works related to this thesis are also 
discussed in brief. 
 
8.1 Conclusion 
 In this thesis hcp CoPt media was fabricated at room temperature. For Co72Pt28 
films, they had highest Ku compared to films with different compositions in this study. 
The Co72Pt28 media also showed large coercivity, large nucleation field and high 
thermal stability factor. In order to study the origin of high Ku in the Co72Pt28 film, the 
phase miscibility, growth induced structural anisotropy and strain was investigated in 
the CoPt films by polarized EXAFS. It was observed that Pt showed complete 
miscibility with Co and occupied the Co position in the Co lattice. No evidence of 
compositional heterogeneities in the in-plane and out-of-plane directions was detected 
for Co72Pt28. However, direct evidence of structural heterogeneities was observed for 
Co90Pt10 and Co57Pt43 films. For such compositions, Co was surrounded by more Pt in 
the film plane compared to the film normal direction. The average interatomic 
distance in the in-plane polarization geometry was larger than that of the out-of-plane 
polarization geometry for Co90Pt10 and Co57Pt43, however, such distances were 
approximately the same for Co72Pt28.  As a result, in-plane tensile strain induced in the 
Co90Pt10 and Co57Pt43 films. An absence of in-plane tensile strain was observed for 
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Co72Pt28, which favored the growth of hcp stacking. The large magnetic anisotropy in 
the Co72Pt28 film could be attributed to the improved hcp stacking.  
In order to achieve a large SNR and perpendicular magnetic anisotropy in the 
Co72Pt28 film, layer engineering approach was used. Increasing Co72Pt28 film thickness 
changed the magnetization reversal mechanism from the domain wall motion at small 
thickness to the S-W model at intermediate thickness, due to reduced intergranular 
exchange interaction. With further increasing the Co72Pt28 film thickness, 
magnetization reversal again started to deviate away from the S-W model due to 
increased intergranualar exchange interaction. It was found that the smoother surface 
of Ta seedlayer improved the crystallinity and the c-axis dispersion of Ru/CoPt layers 
resulting in enhanced magnetic anisotropy to ~9 x 106 ergs/cc. Such a high value of 
magnetic anisotropy could help increase the areal density to 1 Tbit/in2 using Co72Pt28 
media, above the theoretical limit of current CoCrPt perpendicular recording media. It 
was also observed that small Ar pressure favored (0002) texture with a narrow c-axis 
distribution for Ru underlayer, which promoted the development of (0002) texture of 
Co72Pt28 film. The film had the magnetic easy axis along the film normal direction. 
However, increasing Ar pressure perturbed the Ru (0002) texture and changed the 
easy axis of magnetization from the out-of-plane to in-plane direction, which was 
undesirable for perpendicular magnetic recording. The dual-layer structure of the Ru 
underlayer, where the bottom layer Ru was deposited at low Ar pressure and top layer 
Ru at high Ar pressure, was considered as an effective way to reduce the grain size 
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8.2 Future Work 
In this study, the magnetocrystalline anisotropy up to ~9 x 106 erg/cc was 
achieved, which was sufficient to reduce the thermally stable grain size down to 4.5 
nm, and able to increase the areal density up to 1 Tbit/in2. However, in this study the 
minimum grain size in recording layer was achieved down to 7.0 nm, which was 
deposited on dual-layer Ru underlayer. This indicates that there is still sufficient space 
to further reduce the grain size of Co72Pt28 film either by adding nonmagnetic 
materials in recording layer or controlling the microstructure of under layer. This high 
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The schematic of hcp structure is shown as follows. 
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From Fig A2,  
22' )()(
2







⎛−= aac                 (A.1) 
In equation (A.1), a is the average interatomic distance measured from the in-plane 
measurement and a’ the average interatomic distance measured from the out-of-plane 
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measurement. The average interatomic distance in the in-plane (a) and out-of-plane 
(a’) measurement was determined from equation 
[ ] planeinPtCoPtCoCoCoCoCo NRNRa −−−−− += 100/)])(%())(%[(             (A.2) 
[ ] planeofoutPtCoPtCoCoCoCoCo NRNRa −−−−−− += 100/)])(%())(%[('             (A.3) 
Using the parameters given in Table A1, the value of a, a’ can be calculated using 
equations (A.2) and (A.3), respectively. Thereafter using equation (A.1), the value of 
c can be calculated. The calculated value of a, a’, c and c/a has been summarized in 
Table A2. 
 
Table A1: Fitting results of nearest neighbor’s distance and % of coordination 
number measured at Co-K edge in the in-plane and out-of-plane geometries 
(based on Table 4.2). 
  
In-plane Out-of-plane Sample 
RCo-Co %NCo-Co RCo-Pt %NCo-Pt RCo-Co %NCo-Co RCo-Pt %NCo-Pt 
Co90Pt10 2.532 90.2 2.590 9.8 2.508 93.6 2.579 6.4 
Co72Pt28 2.556 72.2 2.604 27.8 2.547 73.0 2.607 27.8 
Co57Pt43 2.598 50.5 2.631 49.5 2.581 59.5 2.631 40.5 
 
Table A2: The calculated value of a, a’, c and c/a. 
Samples a a’ c c/a 
Co90Pt10 2.530 2.513 - - 
Co72Pt28 2.569 2.563 4.181 1.627 
Co57Pt43 2.614 2.601 - - 
 
Note: In Table A2, the c and c/a are not calculated for Co90Pt10 and Co57Pt42 due to the 
mixture of the fcc and hcp phases. 
